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Silicon-substituted hydroxyapatite (SiHA) and silver-substituted hydroxyapatite 
(AgHA) have been shown to provide enhanced bioactivity and anti-bacterial 
properties over pure hydroxyapatite (HA), respectively. In this work, a dual-layer 
nanoSiHA-nanoAgHA/nanoHA (nSiHA-nAgHA/nHA) coating consisted of a 
bottom nHA layer and a top hybrid nSiHA-nAgHA layer was developed and 
fabricated via the Drop-on-Demand (DoD) micro-dispensing technique, to 
achieve fast bone growth and reduce bacterial adhesion. Phase-pure nHA, nSiHA 
containing 0.7 wt.% silicon (Si), and nAgHA containing 0.5 wt.% silver (Ag) 
powders were synthesised in-house via a wet precipitation method, and deposited 
onto the glass substrates using the DoD technique. Dispensing parameters were 
optimised using Taguchi method with an L16 orthogonal array. The S/N ratio and 
ANOVA analysis revealed that the parameters of on-time and pressure had more 
significant effects on the droplet formation. The dual-layer coating retained its 
physicochemical properties of as-synthesised powders, and exhibited a thickness 
of 34.5 ± 1.0 µm. It exhibited a critical load of 69 mN before failure, and Si and 
Ag were uniformly distributed on the top layer. In addition, adipose-derived stem 
cells grew and differentiated well on the dual-layer coatings, with up-regulated 
expression of alkaline phosphatase activity, type I collagen and osteocalcin. The 
growth of S.aureus was inhibited on the dual-layer coating within 24 h. In short, 
this report evaluates the capability of DoD micro-dispensing technique for the 
deposition of dual-layer nSiHA-nAgHA/nHA coatings, and explores the 
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physicochemical, mechanical and biological properties of coatings, indicating its 
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CHAPTER 1  
Introduction 
1.1 Background 
Due to an increasing aging population, and higher incidence of joint-related 
disorders [1], there are approximately 700,000 annual hip or joint replacement 
surgeries taking place in the United States, and approximately 160,000 in England 
and Wales [2]. However, there is an insufficient supply of natural bone substitutes 
to satisfy this demanding clinical need. Hence, alternative materials are utilised 
such as 316L stainless steel, cobalt–chrome-based alloys and titanium-based 
alloys. These metallic materials can provide good mechanical compatibility, but 
the intrinsic stiffness is too high when compared with that of natural bone, which 
may induce stress shielding effect at the bone-implant interface and eventually 
result in implant loosening. Besides, the bioinertness of metallic materials 
normally exhibits poor biological adhesion to the bone tissue, which contributes 
to another major cause for implant failure. However, it is difficult to change the 
bulk properties of metallic implants and thus, many researchers have focused on 
how to design properly the implant surface and improve the bioactivity at the 
interface. The most effective way is to coat bioactive materials on the implant 
surface so that it can promote the integration at the bone-implant interface. 
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Hydroxyapatite (HA), Ca10(PO4)6(OH)2, is one such bioactive material due to its 
chemical affinity towards the inorganic phase found in natural bone and tooth [3, 
4]. As a bulk material, it is osteoconductive, but brittle with poor tensile strength 
and impact resistance, which limits its usage in direct implantation for load 
bearing applications. Therefore, HA has been widely used as coatings on the 
surfaces of metallic implants. HA coatings retain the material’s properties of HA, 
and will guide bone growth at the bone-implant interface, allowing the formation 
of a biological fixation. Meanwhile, the coating will also prevent ion release from 
the metallic implants, thus avoiding inflammatory reaction [5]. Clinical practices 
of HA-coated hip prostheses were first conducted in 1985 by Furlong and Osborn 
[6]. A fully-coated stem with a coating thickness of 200 µm was implanted. 
Impressive evidences of osseointegration were found, and no adverse effects of 
the HA coatings were noted. Geesink begun a series of work in 1986 [7]. Next, 
100 HA-coated titanium stems together with a HA-coated screw cup were 
implanted and monitored with an average period of two years. Rapid integration 
of implants with bone apposition and remodelling on the coatings were found 
within six months of implantation. In addition, over 97 % of the patients had a 
positive roentgenographic evidence of femoral ingrowth after two years [8]. Till 
now, HA-coated implants have been widely used in clinical practices.  
Many techniques have been applied to produce HA coatings on metallic implants. 
Plasma spraying is the commercially approved technique. Here, HA powders are 
melted or partially melted at high temperatures, and sprayed onto substrate’s 
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surfaces at high velocity, resulting in a dense coating, with a thickness of 
approximately 150 µm. This technique is rapid and relatively cheap. However, 
high temperatures (up to 10,000 °C) will cause HA decomposition and phase 
transformation, resulting in the formation of calcium oxide (CaO), tricalcium 
phosphate (TCP), and tetracalcium phosphate (TTCP) [9-11]. The presence of 
these phases is very susceptible to dissolution [12, 13], which will influence the 
mechanical stability of coatings in the biological environment. Moreover, coating 
of over 100 µm is considered to be too thick as this will decrease the adhesion 
strength due to the considerable residual stresses being built up at the coating-
implant interface [14]. It has been observed that the failure of HA-coated implants 
produced by plasma spraying occurred nearly 90 % at the coating-implant 
interface [15, 16], which limits the long-term stability of the implants. Besides 
plasma spraying [17-20], sol-gel deposition [21-23], dip-coating [24, 25], 
electrophoretic deposition [26-28], biomimetic deposition [29-31], magnetron 
sputtering [32-34] and ion beam assisted deposition [35, 36] are other well-
developed thin coating techniques. However, it should be noted that thinner 
coating is not always beneficial. It has been observed that bioresorption will be 
unacceptably rapid with coatings thinner than 30 µm, and the optimum thickness 
is found to be 50 µm [16, 17, 37].  
On the other hand, from the material viewpoint, HA composition varies 
extensively from that of the natural bone mineral. Bone mineral is a non-
stoichiometric apatite material containing many trace elements such as carbonate, 
                                                                                                                     Chapter 1 Introduction 
Page 4 / 223 
 
citrate, sodium, magnesium, fluoride, chloride and potassium, which play 
important roles in the physiological system [38]. Pure HA does not have the 
above trace elements, and thus its bioactivity is inferior to the natural bone 
mineral. To improve the rate of osteointegration, ion incorporation into the HA 
lattice has been the most successful approach. HA can be chemically doped with 
small amounts (~20 mol.%) of elements found in natural bone [4]. For instance, 
the development of silicon-substituted HA (SiHA) is based on the role of Si4+ (or 
SiO4
4-) ions in bone, and the excellent bioactivity of silica-based glasses [39]. In 
1970s, Carlisle reported that chicks on dietary silicon (Si) showed enhanced bone 
growth, and significant upregulation of bone cell proliferation [40, 41]. In 
addition, enhanced osteoblastic differentiation and increased production of 
collagen type I mRNA were found when low levels of Si4+ ions were released into 
the physiological environment [42, 43]. Thian and his group [44-46] have done a 
lot of studies on the development of SiHA coatings. It has been observed that the 
extent of calcification was significantly increased in SiHA coatings [33].  
Meanwhile, studies have also been shifted to incorporate other trace elements into 
HA. Silver-substituted HA (AgHA) is one such new biomaterial with excellent 
anti-bacterial property. Material-related infection is a major clinical problem 
associated with implantation surgeries, which will complicate the bone healing 
process, thus resulting in localised bone destruction [47]. If bacteria develop 
resistance to antibiotic treatment, removal of the infected implant is the only 
effective treatment of a bacteria-colonised implant [48]. Therefore, it is essential 
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for an implant material to be designed to protect itself against infection. AgHA is 
therefore investigated as an anti-bacterial agent, exhibiting an oligodynamic effect 
against most types of bacteria such as Escherichia coli (E. coli), and 
Staphylococcus aureus (S. aureus) [49, 50]. Thian and his group [55] have studied 
the biocompatibility of AgHA, and it has been observed that AgHA with 0.5 wt.% 
Ag is the optimised concentration to inhibit more than 99 % growth of S. aureus, 
and at the same time, still able to maintain the bioactivity [51, 52].  
As a result, all the problems associated with the coating techniques and HA itself, 
have urged the author to develop a ‘smart’ coating with a new coating technique 
that could incorporate other biomaterials into the traditional HA coatings. 
Consequently, in order to achieve enhanced bioactivity and reduced bacterial 
infection, a dual-layer coating is designed, consisting of a bottom HA layer 
(which acts as a secondary bioactive layer for enhanced osseointegration at the 
implant-bone interface in case the top layer resorbs completely over time) and a 
top hybrid SiHA-AgHA layer (which accelerates bone growth and at the same 
time, inhibits bacterial infection).  
It is important to note that there are no existing coatings that possess the above-
mentioned properties, and such coatings with dual functionalities are therefore 
highly desirable. However, it is very difficult for the current coating techniques to 
fabricate such a coating structure, and most of them suffer from a limited 
capability to control multi-material deposition with a varied density distribution. 
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Moreover, these techniques rely mainly on a single-layer, homogeneous coating, 
which requires either cumbersome procedures or complex chemical treatments 
that are time consuming.  Drop-on-Demand (DoD) micro-dispensing technique is 
thus utilised as an alternative method for the production of this proposed dual-
layer SiHA-AgHA/HA coating. It is the first time that DoD technique is being 
applied in bioactive coating applications. This technique is operated at 25 °C, and 
easy to incorporate with biomolecules. In addition, it is capable for multi-material 
production, and highly flexible to deposit different materials at pre-defined 
positions, which is ideal for the production of dual-layer SiHA-AgHA/HA 
coatings.  
1.2 Objectives 
This study aims to develop a dual-layer SiHA-AgHA/HA coating via the DoD 
micro-dispensing technique. The DoD micro-dispensing technique is aimed to be 
investigated so that the proposed dual-layer SiHA-AgHA/HA coatings can be 
prepared. Furthermore, the biocompatibility and anti-bacterial property of the 
dual-layer SiHA-AgHA/HA coatings will be explored.   
The specific objectives can be summarised as follows: 
 To study the feasibility of depositing dual-layer SiHA-AgHA/HA coatings 
using DoD technique, and optimise the dispensing parameters for three types 
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of  materials (HA, SiHA and AgHA), to achieve the desirable characteristics 
of deposited droplets; 
 To characterise the physiochemical and mechanical properties of dual-layer 
SiHA-AgHA/HA coatings; 
 To investigate the in vitro biocompatibility of dual-layer SiHA-AgHA/HA 
coatings using adipose-derived stem cells; and 
 To evaluate the anti-bacterial effects of dual-layer SiHA-AgHA/HA coatings 
using S. aureus. 
 
1.3 Scope 
Chapter 1 establishes the background and motivation of this dissertation, which 
illustrates the need for multi-functional HA coatings, and development of new 
coating technique. DoD micro-dispensing technique is proposed to fabricate the 
dual-layer SiHA-AgHA/HA coating, which is hypothesised to enhance rapid bone 
ingrowth and inhibit bacteria proliferation as compared to the single-layer HA 
coatings. Chapter 2 summarises the relevant literature review including bone, 
biomaterials applied in implantations in particularly HA and substituted apatites 
(SiHA and AgHA), and the state of art of current coating technologies. The 
developments of multi-functional HA coatings will also be reviewed. Chapter 3 
presents the detailed study on the characterization of physiochemical properties of 
synthesised nano-HA (nHA), nano-SiHA (nSiHA) and nano-AgHA (nAgHA) 
powders, and fabrication of the dual-layer nSiHA-nAgHA/nHA coating via DoD 
micro-dispensing technology. The experimental setup of DoD micro-dispensing 
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stage will be introduced, followed by the optimization of DoD processing 
parameters. Chapter 4 focuses on the characterisation of physiochemical and 
mechanical properties of the dual-layer nSiHA-nAgHA/nHA coating. Chapter 5 
evaluates the in vitro biocompatibility of dual-layer nSiHA-nAgHA/nHA coatings. 
Chapter 6 investigates the in vitro anti-bacterial property of dual-layer nSiHA-
nAgHA/nHA coatings. Chapter 7 gives an overall conclusion of the present work, 
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This chapter reviews the topics of bone, hydroxyapatite (HA) and substituted HA 
coatings, and the state of art of current coating techniques. 
2.1 Bone 
The anatomic structure and properties of bones provide the basic information on 
the design of materials for orthopaedic applications. To understand better the 
biological function of bone, the development of bone mineralisation, growth and 
remodelling will also be covered in this section. 
2.1.1 Bone Structure  
Bone is a rigid organ that facilitates the body movement of vertebrates and at the 
same time, protects the internal organs from physical damages. Generally, bone 
consists of three elements namely bone matrix, bone cells and bone marrow. Bone 
matrix provides the microstructure of bones, and bone cells are responsible for all 
the metabolic activities. Bone marrow supplies the bone cells and will not be 
emphasised in this thesis.  
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2.1.1.1 Bone Matrix 
Bone can be considered as a composite material consisting of an organic matrix 
made up of collagen (20 wt.%) with the inorganic calcium-containing crystals (69 
wt.%) embedded in it  [53].  Here, bone matrix refers to the composite structure 
made of collagen fibrils and inorganic crystals (calcium phosphate). Figure 2.1 
illustrates the hierarchical structure of bone from macro-level to molecular level. 
There are two types of bone namely compact and cancellous. Compact bone 
constitutes the shaft of long bone whilst cancellous bone exists at the ends of long 
bone, responsible for the synthesis of blood cells. Collagen is the most abundant 
organic composition of bone matrix taking up to 95 %, and in bone, type I 
collagen is the predominant phase [54]. It exhibits in fibre form with dimensions 
ranging from 100 nm to 2 µm. Calcium phosphate is the primary inorganic 
component of bone, existing in both amorphous and crystalline phases. Beside 
calcium phosphate, the principle composition of bone mineral includes carbonate 
and minute amount of other ionic elements such as sodium (Na+), magnesium 
(Mg2+), strontium (Sr2+), barium (Ba2+) and fluoride (F-) [55]. Bone crystals are 
randomly scattered along with the collagen array (as shown in Figure 2.1), with 
dimensions of 20 nm in width and 60 nm in length [53]. 
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Figure 2.1 Hierarchical organisation of bone with corresponded micrographs [56, 57]. 
2.1.1.2 Bone Cells 
There are four types of bone cells regulating the bone development process 
namely osteoblasts, osteocytes, osteoclasts and lining cells. Figure 2.2 shows the 
microscopy images of bone cells and illustrates the relationship among the cells. 
Osteoblasts are specifically responsible for the production of bone matrix, which 
will mineralise into calcified tissue layer by layer and then differentiate into 
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osteocytes. Active osteoblasts contain a large number of organelles such as 
mitochondria, Golgi apparatus and rough endoplasmic reticula [58], which 
regulate the synthesis of collagen fibrils and store calcium for the production of 
matrix. Osteocytes are of spidery shape, making up to 90 % of bone cells in the 
adult skeletal system [58]. It sustains the supply of oxygen, minerals and nutrients 
between extracellular fluid and bone [59]. Osteoclasts primarily control the bone 
resorption and remodelling process via enzyme synthesis [60]. It first bonds to an 
individual matrix protein via integrins, and then starts synthesis of enzymes 
together with hydroxyl ions, which liberate calcium ions and cause bone to be 
resorbed [61]. Lining cells are inactive osteoblast cells, which regulate the growth 
of bone minerals, serving as a barrier between bone matrix and extracellular fluid 
[62, 63]. Osteoblasts and osteoclasts origin from haematopoietic and non-
haematopoietic stem cells, respectively, which exist in bone marrow. Bone 
marrow lies in the cavity of bones, and will follow the differentiation lineage as 
illustrated in Figure 2.3.  
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Figure 2.2 Relationship among bone cells and microscopy images of bone cells [62, 64]. 
 
Figure 2.3 Diagrammatic representation of the origin and lineage of bone cells [32]. 
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2.1.2 Bone Development 
Bone development involves bone mineralisation, bone growth and bone 
remodelling. Bone mineralisation refers to the deposition of calcium phosphate 
crystals in collagen matrix, which starts with elevated level of alkaline 
phosphatase (ALP) in serum. Bone growth refers to ossification occurring either 
by intramembranous or endochrondral. Intramembranous ossification generates 
bones such as skull and some irregular bones (mandible and clavicle). 
Mesenchymal stem cells first migrate to the site of ossification and subsequently, 
differentiate into osteogenic cells, secreting collagen fibres and eventually form 
osteoids. After that, trabecular bones are formed which later transform into 
cancellous bone. Angiogenesis then starts to follow by the formation of 
periosteum [63]. On the other hand, endochrondral ossification is responsible for 
the formation of the majority of bones, occurring with a cartilage base [63]. At the 
beginning, mesenchymal stem cells differentiate into cartilage cells 
(chondroblasts), which will produce hyaline cartilage tissues. At the end of the 
life cycle of chondroblasts, blood vessels penetrate cartilage tissues facilitating 
nutrient supply. Subsequently, a thin membrane known as perichondrium forms, 
surrounding the cartilage tissues. Osteogenic cells within perichondrium are 
stimulated into differentiation stage and then produce a thin layer of compact 
bone beneath perichondrium termed as periosteum. As the bone grows in length, 
osteoclasts start to resorb bone on the endosteum whilst osteoblasts deposit bone 
on the periosteum at the same time. There are two ossification centres, capillaries 
(primary centre) and branches of the epiphyseal artery (secondary centre). The 
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key differences of the ossification in two centres are that primary ossification 
occurs in the diaphysis and secondary in the epiphysis. 
Figure 2.4 illustrates the bone remodelling process in molecular levels, which 
involves the concerted action of all four types of bone cells and the incorporation 
of nutrient supply. In the beginning of bone remodelling cycle, mature osteoclasts 
are generated with the help of osteoclast precursor to initiate bone resorption. The 
resorption phase takes approximately 10 days and subsequently, reversal phase 
starts. Osteoclasts stop further resorption till a suitable size of cavity is reached, 
and osteoblast precursors are then recruited for the differentiation of mature 
osteoblasts. Following the secretion of new bone matrix, the defects generated by 
osteoclasts are filled, which completes the remodelling process. 
  
Figure 2.4 Cellular units for bone remodelling process [65]. 
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2.1.3 Mechanical Properties of Bone 
Bone is a complex composite material consisted of apatite and collagen. The 
mechanical properties of bone significantly vary according to the bone types 
(cortical, cancellous), age, species, water content and disease [66]. In addition, the 
anisotropic nature of osteonal nature determines that the mechanical properties of 
bone vary in different directions and different values will be obtained depending 
on the testing methods. For instance, Young’s Modulus of cortical bone was 
measured to be around 14-20 GPa in tensile condition, but only 5.4 GPa in 
bending condition [56]. Besides, a study done by Bonfield et al. [67] 
demonstrated that the modulus of cortical bone was 20 GPa in the longitudinal 
direction, but 12 GPa in the transverse direction. As for cancellous bone, it 
exhibits a lower modulus as compared to cortical bone due to higher porosity, 
which was measured to be 13.5 GPa [68]. To better understand the mechanical 
characteristics of bone will help to design suitable biomaterials for orthopaedic 
applications. 
2.2 Biomaterials for Orthopaedic Coating Applications 
The definition of ‘biomaterial’ was first proposed by Williams in 1987 as ‘A 
biomaterial is a non-viable material used in a medical device, interact with 
biological systems’ [69]. To understand the goal of biomaterial science, 
biocompatibility is termed as the ability of a material to perform with an 
appropriate host response in a specific application [69]. According to the response 
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between tissues and implants, biomaterials are further classified into three types 
namely bioinert, bioactive and biodegradable. Bioinert materials (such as metals) 
do not directly contact with the surrounding tissue and usually result in fibrous 
capsulation. Biodegradable materials gradually dissolve into the physicochemical 
environment and will be replaced by the host tissue. Bioactive materials (such as 
bioceramics) form direct bonding with the host tissues [70].  
Figure 2.5 displays the common implants applied in orthopaedic applications. 
There are basically four types of materials involved namely metals, polymers, 
ceramics and composites. In this study, only metals and ceramics (calcium 
phosphate and hydroxyapatite) will be involved. 
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Figure 2.5 Typical orthopaedic implants in human body [71]. 
2.2.1 Metallic Implants 
Metals are bioinert and most commonly used materials applied for load-bearing 
applications, which offer the benefits of high strength, resistance to cyclic loading 
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and good corrosion resistance. The first usage of metallic implant into human was 
reported in 1940s when cobalt-chromium material was implanted as a hip 
prosthesis [72]. Till now, metallic implants are still widely utilised for total hip 
replacement due to the unique mechanical properties. The most common metallic 
materials are 316L stainless steels, cobalt-chromium alloys, and titanium and its 
alloys [73]. 
Stainless steel was first used in orthopaedic surgery in 1926 [74]. Nowadays, 
316L stainless steel is the most popular type of stainless steel due to its high 
corrosion resistance in vivo conditions  and economic price [75, 76]. The ‘L’ 
denotes the low carbon content (< 0.03 %). By adding 12 % of chromium and 
molybdenum, it forms a passive oxide layer on the surface to protect the implant 
against corrosion, and is widely utilised to fabricate stems of hip prostheses, and 
surgical and dental instruments. However, when oxygen is not sufficient, 
corrosion will occur, resulting in the release of toxic nickel ions into the body 
plasma, and eventually leading to inflammatory responses [72]. 
Cobalt-chromium alloys are superior to 316L stainless steels in corrosion 
resistance and wear resistance. There are two typical types of cobalt-chromium 
alloys, Co-Cr-Mo (27-30 % Cr, 5-7 % Mo, 2.5 % Ni) and Co-Cr-Mo (19-21 % Cr, 
33-37 % Mo, 9-11 % Ni) [71]. The first type has been used for decades in the 
dental applications and maxillofacial surgery [74] whilst the second type is more 
popular in making stems of hip prostheses for heavier loading requirement [77]. 
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Similar to 316L stainless steels, cobalt-chromium alloys can spontaneously form 
passive oxide layer in body plasma, and this oxide layer is stable even in chloride 
environment [77-81]. However, the corrosion products of cobalt-chromium alloys 
are more toxic than those of 316L stainless steels. Hastings et al. [82] indicated 
that the potential release of chromium ions into body plasma might result in 
cancer.  
As for 316L stainless steels and cobalt-chromium alloys, there is one common 
disadvantage since the Young’s Modulus of both materials is much too high than 
that of the natural bone (as shown in Table 2.1), which will cause stress shielding 
effect. Stress shielding effect refers to the reduction of bone density as a result of 
loading variation when bone is replaced by the implant [83]. In addition, the 
concentrated stress at bone-implant surface will increase the risk of implant 
loosening, and eventually lead to failure.  
Hence, titanium and its alloys draw researchers’ interest due to its superior 
mechanical properties (more closer to that of bone as compared to 316L stainless 
steel and cobalt-chromium alloys), low density, good corrosion resistance and 
biocompatibility under in vitro and in vivo conditions [84-96]. As compared to 
316L stainless steel and cobalt-chromium alloys, the cost of titanium and 
titanium-based alloy is more expensive. The main concern of titanium is its high 
coefficient of friction, which might generate debris in long-term usage. In 
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particularly, as for Ti-6Al-4V, it was found that the release of aluminium (Al) and 
vanadium (V) ions might result in Alzheimer disease and neuropathy [97].  
Table 2.1 Summary of mechanical properties of metallic and ceramic materials [78, 98-103]. 
 
In short, the unique feature of metallic implants is that they provide good 
mechanical properties for load bearing requirements, but the strength exceeds too 
much as compared to that of the natural bone, which induces stress shielding 
effect, thereby increasing the risk of implant loosening and failure. Furthermore, 
once corrosion occurs on the implant surface, the release of metallic ions into 
body plasma might affect the patient’s health. Considering the long-term stability 
of implants, more attention is required for the improvement of metallic implants. 
One feasible strategy is to create coatings onto the surface of metallic implants, 
which can induce bioactivity, improve the integration between implant and bone, 
and protect the metallic implant from corrosion. Calcium phosphate is a good 
choice, which will be further introduced in Section 2.3. 
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2.2.2 Biological Events Taking Place at Bone-Implant Interface 
Most of the metallic implants without any surface modifications are bioinert. 
Once implanted into the human body, temporary inflammation usually occurs, 
which ends with the formation of fibrous encapsulation to isolate the implant 
material with the surrounding tissues. There are a few acceptable symptoms such 
as redness, swelling and pain around the implantation site [104].  This type of 
bonding is not favourable for long-term stability of implants. 
If bioactive materials are applied on the surface of metallic implants in a form of 
coatings, osteointegration will be induced with a sequence of different biological 
events. Osteointegration is first proposed by Brånemark in 1985 [105], and later 
modified  in 1990 [106] to describe as “a continuing structural and functional 
coexistence, possibly in a symbolic manner, between differentiated, adequately 
remodelling, biologic tissues and strictly defined and controlled synthetic 
components providing lasting specific clinical functions without initiating 
rejection mechanism.” Figure 2.6 shows the molecular reactions of 
osteointegration at the bone-implant interface where bone cells are represented in 
green colour while secreted biological molecules in red and pink colours. When 
implants are placed in site, immune responses are induced followed by 
vascularisation, recruitment of osteogenetic progenitor cells, and differentiation of 
progenitor cells into osteoblasts. Subsequently, mature osteoblasts secret growth 
factors such as bone morphogenic proteins [107] and histamine [108] (Figure 
2.6a). These growth factors stimulate the attachment of osteoblasts onto the 
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implant surface (Figure 2.6b), and eventually form new bone matrix (Figure 2.6c). 
If implants are applied to the cortical bone healing, woven bone will be formed 
from two directions: from the bone towards implant surface (Figure 2.6d), and 
from implant surface towards bone (Figure 2.6e) [108, 109]. After 8 weeks, 
integration forms with direct contact of mature lamellar bone with the material 
surface [110, 111].  
 
Figure 2.6 Molecular events at bone-implant interface (a) secretion of growth factors from platelet, 
(b) differentiation and proliferation of growth factors and attachment of osteoblasts with titanium 
surface, (c) formation of new bone matrix, (d) distance osteogenesis and (e) contact osteogenesis 
[110]. 
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As for the development of osteoblast on the surface of implants, it consists of 
three stages namely proliferation, matrix development maturation, and 
mineralisation, which is shown in Figure 2.7 [112].  At the first stage, osteoblasts 
proliferate to confluent status with gene expression. The secretion of ALP and 
collagen type I is the onset of maturation stage, indicating matrix development. 
As differentiation stage initiates, proliferation will be suppressed. Around 20 days, 
mineralisation stage starts with the deposition of apatite crystals, and expression 
of osteopontin and osteocalcin. There are two critical time points when 
proliferation is down-regulated and mineralisation starts. If they are shifted 
forwards, the bone growth might be accelerated [113, 114]. The purpose of this 
study is to design a functional coating to promote osteoblast development so as to 
ensure rapid healing time of implantation.  
 
 Figure 2.7 Three stages of osteoblast developments in vitro [112]. 
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2.2.3 Implant-Associated Infection 
Implant-associated infections are serious complications which was first pointed 
out by Gristina in 1987 that the possibility of bacterial adhesion to implants might 
cause biomaterial-centred infection [115]. Currently, infection rate is observed to 
be 1.5-2.5 % in primary hip and knee implantation surgeries, and 3.2-5.6 % in 
revision surgeries [116, 117]. Staphylococcus aureus (S.aureus) and 
Staphylococcus epidermidis (S.epidermidis) are the most virulent species, and 
account for the more than half of cases of infections on hip and knee implants 
[118]. Figure 2.8 demonstrates the development of bacterial films on the surface 
of implants. First, reversible bacterial attachment occurs through physical 
interaction such as van der Waal’s force during the first few hours. Subsequently, 
permanent attachment forms through the interaction between receptor and ligand 
so that bacteria adhere onto the implant surface. After that, aggregation occurs 
and develops into biofilms followed by spreading towards non-infected area [117]. 
There are two types of infections namely acute and chronic. Infections with the 
above virulent species will be manifested as acute infection in the first three 
months, with symptoms of severe pain, swelling, fever and erythema. Infections 
with less virulent species will be manifested as chronic infection in several 
months or years later, with symptoms of pains and implant loosening. No matter 
what type of infection is, patients’ mobility will be affected, and sometimes 
leading to revision surgeries.  
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To minimise infection rate, prolonged antibiotic therapy at higher doses was 
introduced, but suffers limitation of local toxicity, compromising bone growth and 
implant osseointegration [119-122]. Ideal orthopaedic implants are required to 
stimulate the bone growth and form integration with the surrounding tissues 
without or eliminating the bacteria adhesion on the implant surface. However, the 
balance is difficult since both bacteria and cells like to adhere on surface with 
similar characteristics [123-125]. If inhibiting the attachment of bacteria, cell 
attachment will also be affected. Hence, alternative methods to prevent infection 
and at the same time, sustain bone growth are challenging issues for implant 
design. 
 
Figure 2.8 Four stages of infection [115]. 
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2.3 Hydroxyapatite and Substituted Hydroxyapatite  
Calcium phosphate, as a representative of bioceramics, has been investigated for 
decades in terms of orthopaedic applications due to the compositional affinity to 
that of the natural bone minerals. It is bioactive, non-toxic and has been widely 
used in dental implants, maxillofacial surgery, and orthopaedic [71]. It forms 
direct chemical bonding with the bone tissues instead of generating fibrous 
encapsulation. However, as shown in Table 2.1, calcium phosphate is brittle and 
very sensitive to cracks, which make it difficult to sustain long in body as load-
bearing implants. Hence, if coated on metallic implants, the combination of 
bioactivity of calcium phosphate with good mechanical strength of metallic 
materials should improve the efficacy to initiate fast integration and long-term 
stability of orthopaedic implants.  
Table 2.2 summaries various phases of calcium phosphates depending on the 
differences of calcium to phosphorus ratio (Ca/P). It is clearly observed that the 
solubility varies significantly which enables them to fulfil the specific request for 
different applications. Generally speaking, the lower the Ca/P ratio is, the more 
acidic and water soluble the calcium phosphate is [126]. At a physiological pH 
condition, the dissolution rate follows the trend of amorphous calcium phosphate 
(ACP) >> tetracalcium phosphate (TTCP) > alpha tricalcium phosphate (α-
TCP) > octacalcium phosphate > beta tricalcium phosphate (β-TCP) >> 
hydroxyapatite (HA) [127, 128]. In particularly, β-TCP can only be synthesised 
by thermal decomposition, and when temperature is above 1125 °C, α-TCP is 
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obtained from the phase transformation of β-TCP. Calcium oxide (CaO) might 
appear which is not biocompatible, and dissolves even faster than TCP. Regarding 
to coating applications, a too fast dissolution rate might be detrimental to the 
success of implantation which should be avoided. 
 Table 2.2 Various phases of calcium phosphate*[129-132]. 
 
 n/a: not applicable. aThe solubility at 25 °C in water is given at the logarithm of the ionic product 
of the given formula with concentrations in moles per liter.  
2.3.1 Hydroxyapatite 
As shown in Table 2.2, hydroxyapatite (HA) is the most stable phase, and difficult 
to dissolve as compared to other phases of calcium phosphates. It is bioactive and 
biocompatible, which can adhere directly to osseous tissues without an 
intermediate layer of modified tissue. It is also osteoconductive concluded from 
other researchers [133]. An osteoconductive surface is one that support bone 
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growth directly on its surface or down into pores, channels or pipes when placed 
in the vicinity of bone. 
2.3.1.1 Structure 
HA theoretically consists of 39.68 wt.% Ca and 18.45 wt.% P, and the Ca/P molar 
ratio of 1.667 is regarded as a direct way to distinguish HA from other calcium 
phosphates. The crystal structure was first revealed by Posner et al. in 1958 [134] 
and Kay et al. in 1964 [135] using X-ray diffraction (XRD) and neutron 
diffraction, respectively. It was demonstrated that calcium and phosphate ions 
were arranged in a hexagonal structure surrounding with columns of hydroxyl 
ions. Besides, the dimensions of the unit cell was measured to be a = b = 0.943 
nm and c = 0.688 nm. Figure 2.9 illustrates the crystal structure of hydroxyapatite. 
There are two sites of calcium ions, Ca (I) occupying the positions of (1/3, 2/3, 0) 
and (1/3, 2/3, 1/2), and Ca (II) locating on planes parallel to the basal plane at c = 
1/4 and c = 3/4 [1]. The hydroxyl ions are located in columns at the corners of 
unit cell, paralleling to the plane at c = 1/4 and c = 3/4. Phosphate groups (PO4
3-) 
are located at the same plane as Ca (II) ions, which are believed to provide the 
skeletal stability of hydroxyapatite structure [136]. Since the structure of 
hydroxyapatite involve in both cations and anions, it is possible to undergo ionic 
substitution, creating substituted hydroxyapatites [137]. 
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Figure 2.9 Crystal structure of hydroxyapatite in side and top view [138]. 
2.3.1.2 Stability 
The thermal stability of hydroxyapatite is important because phases present 
different solubility that would greatly affect the biological performances. 
Stoichiometric HA is more stable than most other calcium phosphates in the pH 
range of 4.2-8, which encompasses the pH range of the physiological medium 
[139]. When it is heated from 25 °C, the phase-purity can be retained up to 
1350 °C. However, in non-stoichiometric cases, HA is unstable at high 
temperature and as a result, other calcium phosphate phases such as TCP and 
TTCP are formed [140]. In addition, Ca/P molar ratio plays an important role in 
determination of the stable phase. The most thermally stable HA tends to occur at 
stoichiometric mixing ratio of 1.67. At a lower or higher Ca/P ratio of 1.67, the 
thermal stability of HA will decrease at high temperatures, and result in the 
formation of other calcium phosphate phases. If the Ca/P molar ratio is lower than 
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1.67, phases such as α-TCP or β-TCP will be formed whereas if this molar ratio is 
higher than 1.67, CaO will be present [38]. 
2.3.1.3 Biological Performance of HA Coatings 
The first successful application of HA coating was on femoral stems of total hip 
joint implants in humans reported by Furlong and Osborn [6]. Until now, HA 
coatings have been used extensively in both dental and orthopaedic implants for 
over 20 years. Figure 2.10 briefly introduces the mechanism of bonding formation 
when hydroxyapatite coating is present. The process starts from partial dissolution 
of HA coating into body plasma in terms of calcium and phosphate ions. The 
released ions will lead to ionic saturation in a local environment and subsequently, 
induce the precipitation of carbonated calcium phosphate layer on the coating 
surface. Bone remodelling occurs in stress concentrated area in which osteoclasts 
are recruited to absorb normal bone as well as HA coatings by increasing the local 
pH to 4.8. Bone ingrowth and bone remodelling take place simultaneously at the 
bone-implant interface so that the biological fixation is formed through bi-
directional growth of the bonding layer [10]. 
                                                                                                                 Chapter 2 Literature Review 
Page 32 / 223 
 
 
Figure 2.10 Schematic diagram of bone formation on the surface of hydroxyapatite coating [10]. 
2.3.1.3.1 In Vitro Study of HA Coatings 
Biological assessment of HA coatings have been done in vitro in simulated body 
fluid (SBF) [139, 141-156]. Results illustrated that the deposition of calcium and 
phosphate ions might initiate the precipitation of bone-like apatite on coatings. 
Cellular culture models such as osteoblasts and stem cells are utilised to 
demonstrate the coating efficacy in vitro [18, 157-175]. A study by Roy et al.  [18] 
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demonstrated that plasma-sprayed highly crystalline HA coatings on pure 
titanium promoted better attachment and spreading of osteoblasts. Cells were 
cultured on both uncoated and HA-coated titanium plates. It was observed that the 
number of osteoblasts increased significantly from day 3 to 11 on both samples, 
but cells were more confluent with more spherical apatite granules on HA-coated 
samples as compared to the uncoated plates, which implied that HA coatings 
could induce the mineralisation and accelerate bone growth. In addition, bone 
marrow cells were cultured on calcium phosphate coatings prepared by the 
sputtering process [176]. Results indicated that bone marrow cells attached more 
on uncoated titanium plates as compared to HA-coated samples, but there were 
significant differences in the calcified mineralised matrix production between the 
coated and uncoated samples. At day 16, the surfaces of HA-coated samples were 
covered with a thin, cement-like layer with a thickness of 1-3 µm. Small needle-
like bone minerals were observed at this layer, and collagen fibres were present 
between the cells and coating surface, forming direct bonding at bone-implant 
interface. Besides bone cells, it was found that human mesenchymal stem cells 
attached well on HA coatings with extended filopodia, and osteogenic 
differentiation was up-regulated with the osteogenic gene expressions such as 
ALP, collagen type I and osteocalcin [177-182]. The biological performance of 
HA coatings in vitro provided clear evidences that HA coatings improved cell 
attachment, proliferation, differentiation and mineralisation as compared to 
uncoated metallic implants.  
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2.3.1.3.2 In Vivo Study of HA Coatings 
To evaluate better the coating performance in real physiological environment, in 
vivo studies using different animal models were carried out. Groot et al. [17] 
implanted a total of 42 HA-coated Ti-6Al-4V rods into the femora of seven dogs. 
Six weeks later, new bone was observed in the remodelling process with small 
zones of osteoid suited along the implants. The close contact of newly-formed 
bone to implant surface implied the efficacy of HA coatings in osseointegration. 
Geesink et al. [37] compared the performance of HA-coated and uncoated 
implants in canine total hip arthroplasty. Results demonstrated a rigid and fast 
fixation of HA-coated implants within three months, and only fibrous 
encapsulation was formed on uncoated implants. Six weeks later, the newly-
formed bone was able to fill a defect of up to 2 mm in depth. Clinically, Hannson 
et al. [183] assessed the performance of a solution-deposited Peri-Apatite™ HA 
coating using radio stereo photogrammetric analysis (RSA) in an attempt to 
understand its influence on stable and endurable implant fixation. RSA is a 
valuable diagnostic tool in predicting the fixation longevity of different prostheses 
in vivo within the first 24 months after implantation. 60 patients were randomized 
into two groups: one group was given a porous coated prosthesis with the solution 
deposited HA coating and the other group without HA coating. A lower incidence 
of subsidence in the Peri-Apatite™ group concluded that the HA coating provided 
early and stable fixation of the knee prosthesis. Beside the enhanced 
osseointegration, HA coatings were able to seal the bone-implant interface from 
wear debris and macrophage-associated osteolysis [184-186]. Most of the clinical 
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studies of total hip replacement have proven the improvement of HA-coated 
implants, with a decrease of radiolucency around HA-coated implants [184, 187, 
188]. However, it is worth to note that if there are other phases of calcium 
phosphate present in the HA coatings such as TCP, which increased the solubility 
and might lead to faster coating delamination, thus affecting the mechanical 
fixation [189-191]. On the other hand, increased dissolution of HA coatings might 
be beneficial to the bone ingrowth [192]. Hence, the coating delamination is still a 
matter of controversy, and coatings are required to be modified either 
compositionally or structurally to achieve a balanced outcome. 
2.3.1.4 Modifications to Traditional HA Coatings 
The quality of HA coating might be affected by the variation of phase 
composition and microstructure of coatings induced by different coating 
techniques. Table 2.3 summarises the key requirements of a good coating. 
According to the requirements, numerous methods have been proposed to 
improve the coating quality in terms of mimicking the composition of natural 
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Table 2.3 Requirements of HA coatings on metallic implants [20]. 
 
 
2.3.1.4.1 Modification in the Composition of HA Coatings 
As compared to the composition of natural bones (as shown in Table 2.4), HA 
lacks in multiple ionic supplements such as magnesium (Mg), potassium (K) and 
fluoride (F), which may provide beneficial functions to the bone re-growth. Hence, 
many researchers have studied the substitution of HA to incorporate beneficial 
elements into HA.  
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 Table 2.4 Composition of natural bone and hydroxyapatite. 
 
 
There are two types of ionic substitutions namely cationic and anionic substitution. 
Cationic substitution occurs at the position of calcium ions while anionic 
substitution occurs at the positions of phosphate or hydroxyl ions. Table 2.5 
summarises the characteristics of substituted HA, which implies that both crystal 
structure and solubility are changed due to the substitution. These modifications 
have great influences on the biological response when such materials are 
implanted in the human body. For instance, magnesium-substituted 
hydroxyapatite (MgHA) exhibited good cell viability, but severe cell apoptosis in 
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vitro condition [193]. Granules made of 5.7 wt.% MgHA were implanted into 
rabbits without in vitro cytotoxicity and in vivo skin irritation, but exhibited 
higher resorption and lower bone re-growth rate as compared to pure HA [194]. 
Strontium-substituted hydroxyapatite (SrHA) demonstrated a positive effect in 
promoting ALP activity, collagen type I production and osteocalcin secretion 
[195-197], and enhancing mRNA expression as well as secretion of 
mineralisation nodules [196]. Meanwhile, it inhibited the proliferation of 
osteoclasts [197]. Silver-substituted hydroxyapatite (AgHA) possessed the anti-
bacterial property of silver (Ag) so that a total reduction of up to 99 % of S.aureus 
was achieved with the substitution of 5 at.% Ag into HA crystal. However, the 
thermal stability of AgHA was reduced since 4 at.% AgHA decomposed at 
700 °C [50]. Similarly, carbonate-substituted hydroxyapatite (CHA) exhibited a 
reduced thermal stability, decomposing at 700 °C [198]. It revealed that CHA 
showed a higher degree of osteoconductivity [199] with greater synthesis of 
collagen [200] as compared to pure HA in vitro. On the other hand, after 
substitution, fluoride-substituted hydroxyapatite (FHA) became less soluble [201-
204] so that there were less calcium ions released into the body plasma, thereby 
retarding the proliferation of osteoblast [204, 205]. Good biocompatibility could 
be retained [206] when the amount of fluoride varied between 0.8 and 1.1 wt.%. 
Silicate was first reported with 50 % more bone growth in chicks with silicon 
sufficient diet [40, 41]. Consequently, silicon-substituted hydroxyapatite (SiHA) 
was first successfully synthesised at a concentration of 0.4 wt.% by Gibson et al. 
[100]. Studies revealed that dissolution rate of SiHA was increased both in vitro 
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and in vivo conditions [207]; and silicate ions have stimulatory effect in the 
production of type I collagen mRNA [42, 43, 208], formation of mineral nodules 
[9, 209] and fast bone apposition within two weeks [210]. In short, the solubility 
of all the substituted hydroxyapatite was increased except for FHA, which 
indicated that the correlation between rapid dissolution rate and accelerated bone 
remodelling.  
Table 2.5 Summary of characteristics of substituted HA [1]. 
 
 
Besides utilising the above substituted hydroxyapatite as an alternative coating 
material, co-substituted hydroxyapatite with two ionic supplements has raised 
more interest in terms of providing multiple functions. Table 2.6 lists out some 
available co-substituted hydroxyapatite for coating applications. Ionic 
supplements such as Mg, F, Si and Ag to improve the functions of HA coatings, 
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but it suffers drawbacks in which the substituted amount of ions are difficult to 
adjust, thereby limiting the biological performance.  
Table 2.6 Examples of co-substituted HA coating. 
 
2.3.1.4.2 Modification in the Structure of HA Coatings 
To improve the osteointegration, graded HA coatings are introduced to create 
transition layers so as to compromise the mechanical properties between the 
metallic implants and the ceramic coatings. There are two types of graded HA 
coatings, one with graded amount of HA throughout the coating structure, and the 
other with graded crystallinity of HA throughout the coating (as shown in Table 
2.7). Both of them are aimed to improve the adhesion strength so as to maintain 
Composition Functions Remarks 
MgFHA  
[22, 211-214] 
Higher osteocalcin secretion of 
MG63 cells  
 As Mg content increase, secondary 
phase (β-TCP) appears 
 Increased solubility as compared to FHA 
MgCHA 
[215, 216] 
Induced a well spread cell 
morphology of MSCs 
 Increased solubility 




Compatible proliferation of 
MG63cells 
 Thermal stability retarded due to the 
substitution of Mg 
SiCHA 
[218, 219] 
Stimulated osteogenesis and 
synthesis of extracellular matrix 
in vitro using osteoblasts 
isolated from patients 
 Cytotoxicity might be introduced if 




Good proliferation of MSCs and 
significant inhibition of S.aureus 
 Optimised concentration of Ag and Si is 
still under investigation  
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the long-term stability of the coated implants. In particularly, anti-bacterial agent 
(such as Ag) can be implanted into HA coatings with varied contents of Ag, 
thereby controlling the release of Ag ions into the body plasma. On the other hand, 
porous HA coatings are created by incorporating collagen and biomolecules via 
self-assembly techniques, which mimics the structure of extracellular matrix and 
enhances the osteoconductivity. Although these structurally modified coatings 
provide promising in vitro and in vivo outcomes, most of them are difficult to 
extend its function due to the limitation of the coating techniques. For instance, 
HA coatings with graded crystallinity are generated depending on the variation of 
in situ heating temperature. As such, it is not capable to incorporate any 
biomolecules. More efforts are needed for the development of multi-functional 
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Table 2.7 HA coating with modified coating structures. 
 
 
2.3.2 Silicon-Substituted Hydroxyapatite 
2.3.2.1 Role of Silicon 
The beneficial role of Si upon bone growth was first reported by Carlisle [40, 41].  
Consequently, more evidences proposed that the improved bone metabolism was 
related to the role of silicon [126, 231, 232].  In particularly, daily supplement of 
Si has been proven to increase the bone mineral density [233], and reduce the 
bone resorption related to osteolysis [234]. In addition, silicate ions induced the 
precipitation of HA [235], stimulated the synthesis of collagen [42] and ECM-




Compositional graded  
 HA penetrate into titanium oxide layer 
forming on the implant surface 
 Threefold higher shear strength  
 No coating detachment and osteolysis 
HA [162, 226] 
Crystallinity graded throughout 
coatings  
 Dissolution rate of coatings is tailored 
by the crystallinity 
 Capable to promote essential cellular 
activity related to bone growth, such as 
ALP 
HA-Ag [36] 
Crystallinity graded with 
increased Ag content throughout 
coatings  
 Compatible bioactivity for osteoblasts 
 Cytotoxicity might increase with 
increased Ag content 
 Anti-bacterial effect is enhanced with 
increased Ag content 
HA-Collagen 
[227-230] 
Self-assembly porous structure 
to mimic the extracellular 
matrix 
 Incorporate collagen/growth factors into 
HA coatings 
 Superior for attachment, spreading, 
differentiation of MSCs 
 Exhibit ectopic bone formation and 
accelerated bone formation in rabbit  
 Promising for early fixation of implants 
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related protein [236] so as to enhance the bone matrix calcification [41]. There are 
two possible mechanisms to explain how silicon enhances the bone apposition. 
Firstly, it was reported that 0.8 wt.% SiHA exhibited more triple junctions as 
compared to HA, which provided more defects with decreased grain size, thereby 
increasing the solubility and accelerating bone apposition [237]. Secondly, the 
formation of Si-OH band rich layer at the surface of SiHA provided more sites for 
cell attachment and subsequently, improved cell adhesion, collagen formation and 
bone deposition [231, 232]. 
2.3.2.2 Structure and Stability 
Phase-pure silicon-substituted hydroxyapatite (SiHA) was first synthesised by 
Gibson et al. [238, 239] via the wet precipitation method with a concentration of 
silicon (Si) ranging from 0.4-1.6 wt.%. After replacing the phosphate ions with 
silicate ions, the crystal structure was slightly distorted such that the a-axis lattice 
parameter was decreased from 0.9412 to 0.9408 nm whilst the c-axis lattice 
parameter was increased from 0.6877 to 0.6882 nm [238-240].  In addition, the 
phase-purity could be retained up to 1200 °C without secondary phase (as shown 
in Figure 2.11). SiHA with higher content of Si was synthesised [217, 241, 242]. 
Kim et al. [217, 241] produced 2 wt.% SiHA using aqueous precipitation 
technique. Results indicated that secondary phases such as TCP and calcium 
phosphate silicate phase would occur if the Si content was higher than 2 wt.%.  
Arcos et al. [242] synthesised SiHA with varied Si content from 0.6 to 2.6 wt.%. 
Similar results were obtained that only 0.6 wt.% SiHA was phase-pure whilst 
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TCP was detected in SiHA with higher Si content. In general, the presence of 
silicate ions introduced more negative charge so that some of hydroxyl ions were 
lost to maintain the charge balance [238]. Moreover, SiHA was reported to exhibit 
higher solubility [243] and more negative surface charge [244].  
 
Figure 2.11 Properties of SiHA (a) lattice structure of SiHA [245], (b) functional groups of SiHA 
[246], (c) phase composition of SiHA when heated to 1200 °C [238] and (d) to (f) morphology of 
HA, 0.8 wt.% SiHA and 1.6 wt.% SiHA, respectively [245]. 
2.3.2.3 Biological Performance of SiHA Coatings 
Many studies have been carried out to evaluate the biological responses of bulk 
SiHA materials both in vitro and in vivo, but there are only a few related to the 
evaluation of SiHA coatings. In addition, no in vivo studies have been reported 
according to the authors’ knowledge. 
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Tang et al. [9] produced 0.8 wt.% SiHA coatings via plasma spraying technique 
and compared the biocompatibility of SiHA coatings with pure HA coatings using 
human osteoblasts. It was found that the metabolic activity was higher on SiHA 
coatings as compared to HA coatings under the same processing parameters. It 
also pointed out that SiHA coatings produced under certain processing parameters 
might dissolve rapidly, thereby inhibiting the proliferation of osteoblasts [9, 247].  
SiHA coatings with varied Si contents (0.8, 2.2 and 4.9 wt.%) were prepared via 
magnetron sputtering technique [33, 44, 45]. As compared to pure HA coatings, 
more osteoblasts were attached and spreaded with extended filopodia on all SiHA 
coatings. In addition, long distinct actin filaments were observed on SiHA 
coatings whilst filaments were more diffused with shorter length on the pure HA 
coatings (as shown in Figure 2.12). The amount of deposited calcium phosphate 
granules was higher on all SiHA coating as compared to pure HA coatings (as 
shown in Figure 2.11). Among the SiHA coatings, 4.9 wt.% SiHA coatings 
appeared to promote rapid bone mineralisation, with more precipitated calcium 
phosphate granules. However, SiHA coatings with higher content of Si exhibited 
fast dissolution rate due to the reduced grain size, which might not be beneficial 
for cell attachment at early time point. Hence, 2.2 wt.% SiHA coatings were 
recommended as the preferred concentration for osteoblast growth with lower 
dissolution rate. It was suggested that more proteins were absorbed on the 
surfaces of SiHA coatings due to the formation of silicate network structure. 
Silicate network structure referred to the combination of released silicon ions with 
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oxygen ions, which had the capability of binding proteins [248, 249]. As a result, 
the interaction with integrins was affected, triggering specific signals to regulate 
cellular functions [250].  
 
Figure 2.12 Mineralisation and immunostained cytoskeleton of osteoblasts on (a), (d) 0.8 wt.% 
SiHA coatings, (b), (e) 4.9 wt.% SiHA coatings and (c), (f) HA coatings [248]. 
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To illustrate better the effect of SiHA coating on osteoblast differentiation, 0.8 
wt.% SiHA coatings were prepared by electrospraying technique [251]. 
Osteoblasts were cultured on both pure HA and 0.8 wt.% SiHA coating for 14 
days. It was found that the number of cells increased significantly on both pure 
HA and SiHA coating from day 2 to 7, but decreased after day 8, which implied 
the onset of differentiation [252]. As compared to pure HA coatings, higher level 
of ALP activity and significant larger quantity of type I collagen as well as 
osteocalcin secretion, was observed on SiHA coatings. In addition, the expression 
of osteocalcin was detectable at day 2 on SiHA coatings whilst it was only 
observed from day 8 on pure HA coatings. The osteogenic gene expression of 
ALP activity, type I collagen and osteocalcin implied that 0.8 wt.% SiHA 
coatings could induce osteogenic differentiation at early time points, reducing the 
bone healing period. 
2.3.3 Silver-Substituted Hydroxyapatite 
There are mainly two methods to synthesis silver-containing hydroxyapatite, 
namely ion exchange method [253] and sol-gel route [254]. The limitation of ion 
exchange method lies in the inhomogeneous distribution of silver ions, mostly 
residing on the outer surface of the materials, which greatly affects the long-term 
anti-bacterial effect [255], and might result in cytotoxicity owing to the abrupt 
release of silver [154, 256].  
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2.3.3.1 Role of Silver 
The history of silver applied as anti-bacterial agent could be traced back to 4000 
BC when silver vessels were utilised to preserve water during military campaigns 
[257]. Nowadays, silver-containing biomaterials have been widely incorporated in 
medical devices as anti-bacterial therapy to reduce infection rate. A possible 
mechanism of how silver reacts with bacteria is proposed and demonstrated in 
Figure 2.13 [257]. Firstly, silver ions are released slowly to the surface of silver-
containing materials and subsequently, into the body plasma. Simultaneously, 
bacteria will attach on the material surface. Silver ions will then bind to the 
bacteria membrane through reaction with sulfhydryl and phosphoryl groups of 
proteins and enzymes, which renders the activity and leads to molecule 
aggregation [258]. Consequently, the electron transport chain inside the bacteria is 
inhibited, leading to bacteria destruction [259]. In addition, the accumulated silver 
in the bacteria membrane will damage the structure, thereby causing bacteria lysis. 
On the other hand, silver-containing materials, especially in nanoscale, might 
induce cytotoxicity in high doses and cause a number of disorders [257]. It was 
reported that silver nanoparticles could penetrate into the cell structure and react 
with cytoskeleton proteins (actin). In addition, the metabolic activity in the 
mitochondria would be affected, which would further disrupt the synthesis of 
adenosine-triphosphate (ATP). Consequently, DNA is damaged, leading to the 
cessation of cell proliferation [134]. In short, silver can inhibit bacterial growth 
which helps to reduce the infection occurring in implantation, but the amount of 
incorporated silver needs to be controlled to minimise cytotoxicity.  
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Figure 2.13 Anti-bacterial mechanism of AgHA [257]. 
2.3.3.2 Structure and Stability  
During synthesis, silver ions prefer to take the place of calcium ions (as shown in 
Figure 2.14a) [260]. Owing to the increased ionic radius of Ag+ (0.128 nm) and 
Ca2+ (0.099 nm), the crystal structure of AgHA was distorted accordingly [50, 
260, 261]. Rameshbabu et al. [50] synthesised AgHA with varied contents of Ag 
ranging from 0.5 to 3 at.%. It was observed that both the lattice parameter of a 
and c axes were increased as compared to pure HA. As the incorporated Ag 
content increased, lattice parameters were further increased. The solubility of 
AgHA also increased. In addition, AgHA exhibited a needle-like morphology 
with dimensions of 60-70 nm in length and 15-20 nm in width, and size became 
smaller as Ag content increased [50, 261]. Lim et al. [51] prepared AgHA with 
varied Ag concentration from 0.2 to 1.1 wt.%, and the characteristics of as-
synthesised AgHA demonstrated good accordance with the results of 
Rameshbabu obtained [50]. On the other hand, phase-purity was found to be 
highly dependent on the synthesis method. Kim et al. [49] incorporated Ag ion 
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into HA using a wet chemical process, but impurities such as nitrate-apatite 
appeared. Besides HA and nitrate-apatite, Ag2O phase was observed in AgHA 
prepared by sol-gel method [262]. Thermal stability of AgHA might be retarded 
owing to the substitution. It was reported that decomposition of AgHA would 
occur at 700 °C if the Ag content was higher than 4 at.%. With high loading of Ag, 
β-TCP and silver phosphate were first detected at 700 °C following by the 
presence of metallic Ag at 800 °C [50]. Conversely, phase-purity was retained up 
to 1150 °C for all synthesised AgHA (from 0.2 to 1.1 wt.%) via a wet 
precipitation method [51]. In general, AgHA exhibits larger crystal size due to the 
replacement of large Ag ions with calcium ions. Phase-purity of AgHA and 
thermal stability can be retained, but greatly affected by the synthesis techniques. 
 
Figure 2.14 Properties of AgHA (a) lattice structure [51] (b) phase composition [261] (c) 
functional groups [255] and (d) morphology of AgHA with varied concentration of Ag [50]. 
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2.3.3.3 Biological Performance of AgHA Coatings 
Considering the side-effect of high doses of Ag content, the threshold of silver 
amount in silver-containing coatings needs to be optimised. However, it is hard to 
standardise the optimal concentration owing to the different coating preparation as 
well as the biological testing methods. 
In an in vitro study of silver-containing coatings prepared by sol-gel process [254], 
the anti-bacterial and osteogenic properties of 1 and 1.5 wt.% AgHA coatings 
were evaluated using S.aureus and Staphylococcus epidermidis (S. epidermidis), 
and osteoblasts, respectively. After heat treatment at 650 °C, coatings maintained 
the phase-purity. It was found that both S.aureus and S.epidermidis adhered on 
AgHA coatings were significantly less as compared to pure HA coatings. In 
particularly, the amount of bacteria on 1 wt.% AgHA coatings was even less as 
compared to that on 1.5 wt.% AgHA coatings. In addition, throughout the two-
week of culturing period, there was no significant difference of dsDNA amount 
on AgHA coatings as compared to pure HA coatings, indicating good 
biocompatibility of AgHA coatings. However, an abrupt decrease in ALP activity 
was observed on 1.5 wt.% AgHA coatings at the end of day 12. Comparatively, 
there were no differences of ALP activity on HA coatings and 1 wt.% AgHA 
coatings. It was concluded that AgHA coatings could inhibit bacteria adhesion 
and simultaneously, maintain the biocompatibility, and a lower concentration of 1 
wt.% AgHA coatings was recommended in terms of higher proliferation rate of 
the osteoblasts.  
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AgHA coatings with higher Ag contents (2, 4 and 6 wt.%) were produced by 
plasma spraying technique [263]. Secondary phases such as α-TCP and β-TCP as 
well as metallic Ag and Ag2O phases were detected in all AgHA coatings. It was 
found that osteoblasts proliferated well on all AgHA coatings except for 6 wt.% 
AgHA coatings. In addition, at the end of day 11, there was no significant 
difference in the cell amount on 2 and 4 wt.% AgHA coatings as compared to 
pure HA coatings. Moreover, fewer cells were observed to attach on AgHA 
coatings as the Ag content increased. For 6 wt.% AgHA coatings, dead cells 
appeared, indicating the presence of cytotoxicity. Comparatively, only 4 wt.% 
AgHA coatings exhibited similar cell morphology with flattened cell shape and 
extended filopodia as compared to pure HA coatings. Regarding to cell 
differentiation, both 4 and 6 wt.% AgHA coatings presented higher ALP activity 
at the end of day 5 and then, reduced at day 11. The inhibiting efficacy against 
P.aeruginosa was evaluated by live/dead fluorescence staining (as shown in 
Figure 2.15). It was found that a great number of live bacteria adhered on pure 
HA coatings after 24 h incubation. On the contrary, bacteria were mostly dead on 
all AgHA coatings. In particularly, more bacteria were adhered on 2 wt.% AgHA 
coatings, and very few bacteria were visible on 6 wt.% AgHA coatings, which 
indicated that higher Ag content had beneficial effects in the inhibition of bacteria 
attachment. Consequently, 2 and 4 wt.% AgHA coatings were recommended.   
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Figure 2.15 Live/dead fluorescence staining of  P.aeruginosa on (a) HA, (b) 2 wt.% AgHA, (c) 4 
wt.% AgHA and (d) 6 wt.% AgHA coatings [263]. 
To evaluate better the efficacy against infection, titanium implants coated with 5.5 
wt.% AgHA were inserted into rabbits [264]. Both HA and AgHA coatings were 
prepared by electrospraying technique where HA-coated implants were used as 
control. Before implantation, 5 × 102 colony-forming units (CFU) of S.aureus 
were incubated in the femoral canal. After six weeks, coated implants were 
removed and examined by radiology and histology techniques. It was found that 
colonisation of S.aureus appeared on all implants. In particularly, silver-coated 
implants exhibited lower colonisation rate and osteomyelitis as compared to HA-
coated implants. In addition, healthy cortical osteons were observed on AgHA-
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coated implants without cellular inflammation whilst bone damage as well as 
inflammation occurred on the surface of HA-coated implants. Results of in vivo 
study suggested that AgHA coating could be an alternative option for implant 
coatings with anti-bacterial and osteoconductive properties.  
2.4 Coating Techniques   
There are many available techniques for coating applications. The characteristics 
of coatings such as phase composition and coating morphology are greatly 
affected by the specific processing parameters.  
2.4.1 Plasma Spraying  
Plasma spraying is the most commercially used technique to prepare calcium 
phosphate coatings [10, 20], due to the capability for large scale production and 
low cost with high deposition rate [17]. HA [17-19, 188, 265], SiHA [155], 
AgHA [263] and composite titania-HA coatings with graded composition 
throughout coatings [222, 224, 225] were produced. Figure 2.16 illustrates the 
schematic setup of plasma spraying system [103]. Raw materials such as 
hydroxyapatite powders are injected into a high-temperature plasma where the 
centre temperature can reach up to 30,000 °C. Powders are first melted, then 
accelerated at a high velocity towards substrate, and eventually solidified as a 
coating. It suffers certain drawbacks such as phase impurity, poor adhesion, low 
coating uniformity and high dissolution rate [20]. It has been observed that 
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decomposition of HA occurred due to the high processing temperature, resulting 
in the presence of secondary phases such as TCP, TTCP and CaO [266].  Hence, 
the dissolution rate of HA coatings would be significantly increased, thereby 
affecting the coating stability [10]. In addition, a higher coating thickness (70-120 
μm) posed a major problem as it could cause failure due to fatigue under tensile 
loading conditions [13, 267]. Moreover, according to the clinical failure cases, it 
has been revealed that non-uniformity of sprayed-HA coatings in terms of 
morphology, Ca/P ratios and crystallinity might affect the long-term stability of 
the implants [268, 269].  
 
Figure 2.16 Schematic setup of plasma spraying technique [103]. 
2.4.2 Magnetron Sputtering 
Magnetron sputtering is a process where atoms or molecules of target materials 
are ejected in a vacuum chamber by bombardment with high-energy ions and 
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subsequently, condensed on substrates as coatings [103, 270-272]. It is capable to 
produce HA [34, 147, 168, 182],  SiHA [33, 44] and AgHA [273] coatings. Figure 
2.17 demonstrates the schematic setup of magnetron sputtering system. During 
the process, ions of inert gas source are generated and accelerated towards the 
target material (such as HA). Subsequently, atoms are ejected from the target 
materials with the effect of bombardment. Free atoms then settle on the substrate 
surface, condensing into coatings. This technique provides advantages such as 
high deposition rate, ease of handing with metallic materials, high purity of 
coatings, high adhesion strength and good coating uniformity [274, 275].   
 
Figure 2.17 Schematic setup of magnetron sputtering system [103]. 
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2.4.3 Ion Beam Assisted Deposition 
Ion beam assisted deposition (IBAD) was first applied in semiconductor industry 
in 1970s [276] and nowadays, it has been investigated to produce thin ceramic 
coatings (~2-4 µm in thickness) on metallic [35, 277-279], polymeric [280] and 
ceramic substrates [281, 282]. It is capable to generate various calcium phosphate 
coatings [35, 226, 279, 283-285], and with the attached second ion source, it is 
able to incorporate different amounts of silver to generate hybrid coatings [36, 
162]. Figure 2.18 demonstrates the setup of IBAD with single and dual ion 
sources. In the process, target material (HA) is vaporised to generate an elemental 
cloud of ions moving towards the substrate surface. Subsequently, these ions 
penetrate into the near surface of the substrate, thereby forming coatings. 
Coatings produced by IBAD are dense and amorphous if heat treatment is not 
incorporated into the system. Although the thickness is thinner, the adhesion 
strength of coatings is significantly increased owing to the formation of direct 
chemical bonding at atomic levels. However, the production rate of IBAD is low 
as only a few nanometres per minute can be produced. In addition, the phase 
composition and Ca/P ratio are affected by the processing parameters such as ion 
beam current density [286, 287]. It was found that minute amount of TCP 
appeared at ion beam current density of 180 µA/cm2 whilst only HA phase was 
observed at higher current density of 260 µA/cm2 [287]. Furthermore, Ca/P ratio 
was also increased as current density increased [287].  
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Figure 2.18 Schematic setup of single source ion beam assisted deposition system (a) single ion 
source (b) double ion sources [103]. 
2.4.4 Sol-Gel Deposition 
Sol-gel deposition is a chemical reaction process using precursors of 
hydroxyapatite, and an in situ heat treatment is usually followed to remove all the 
organic impurities [288-290]. It is capable to produce HA [288-290], SiHA [291], 
AgHA [254] and composite coatings [292]. The important process parameters 
include choice of precursors, concentration of precursors, water/alkoxide mol 
ration, type and amount of catalyst and control of hydrolysis reaction [293]. 
Figure 2.19 briefly demonstrates the principle of depositing silver/hydroxyapatite 
composite coatings. Generally, the process is simple and offers the advantages of 
low cost with high deposition rate, low processing temperature (200-600 °C) and 
suitability for coatings on complex structures. The main limitation might be the 
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complex preparation of raw materials and precise control of processing conditions 
such as heat treatment [294].  
 
Figure 2.19 Silver/hydroxyapatite composite coating by sol-gel deposition (a) principle, (b) 
titanium scaffold before coating, and (c) titanium scaffold with silver/hydroxyapatite coating [292]. 
2.4.5 Comparison of Current Coating Techniques for Calcium 
Phosphate Coatings 
Current coating techniques have their own advantages and disadvantages (Table 
2.8) which limit their usage in producing ideal calcium phosphate coatings as 
shown in Table 2.3. Phase-purity is difficult to retain in the plasma spraying, 
magnetron sputtering and IBAD processes. High processing temperature is the 
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key reason for plasma spraying process, causing decomposition of HA into TCP, 
TTCP and CaO. The inert atmosphere in magnetron sputtering and IBAD 
processes might lead to the formation of oxyapatite, owing to dehydroxylation of 
HA coatings, which could affect the coating integrity [9, 162, 295, 296]. In 
addition, Ca/P ratio of HA coatings varies a lot via different techniques. For 
instance, the ratio ranges from 1.1 to 3.9 for plasma spraying, 1.1 to 2.6 for 
magnetron sputtering and 1.52 to 3.6 for IBAD [20]. The deviation from 
stoichiometry value of HA accounts for the nature of process principles [20]. For 
example, in magnetron sputtering process, the amount of ejected calcium and 
phosphorus ions might be different, and these ions might be pumped away before 
they settled on the surfaces [103, 297]. On the contrary, sol-gel method exhibits 
good controllability in the composition of HA coatings, but it suffers the 
limitation of expensive cost of raw materials as well as time consuming to 
complete the chemical reactions. On the other hand, these techniques are difficult 
to build multi-layer coating structures using multiple materials, which 
significantly affect the development of coatings with multiple functions such as 
coatings with dual functions of inhibiting bacteria growth and enhancing bone 
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Table 2.8 Comparison of characteristics of coating techniques [20, 298]. 
 
2.4.6 Proposed Drop-on-Demand (DoD) Micro-Dispensing 
Technique  
In this study, a dual-layer coating consisted of nHA layer at the bottom and 
nSiHA-nAgHA layer on the top was designed, for the aim in reducing infection 
rate and promoting bone growth. However, as stated in Section 2.4.5, current 
coating techniques suffer the limitations in coating multiple materials at 25 °C 
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and at the same time, maintaining the phase-purity. In addition, those techniques 
have difficulties in controlling the distribution of multiple materials in the 
coatings. Here, DoD micro-dispensing technique is proposed as an alternative 
technique to fabricate the dual-layer nSiHA-nAgHA/nHA coatings. 
DoD micro-dispensing technique is a sub-category of inkjet printing technique, 
which terms as an additive manufacturing process where droplet matrix is created 
on the substrate by jetting out droplets of ‘ink’ through nozzle orifice on specific 
locations [299]. It provides the high flexibility in types of dispensing materials 
including metals, polymer, ceramic, biomolecules and cells [300]. It has now 
already been developed into a versatile tool in the fabrication of biological 
material termed as bioprinting [301-303].  
2.4.6.1 Mechanism of DoD Micro-Dispensing Technique 
There are two primary modes of inkjet printing namely continuous and DoD 
modes. In continuous type, a continuous fluid jet is positively pressurized through 
an orifice, typically 50-80 μm in diameter and separated into droplets by surface 
tension forces. These droplets are subjected to electrostatic field and some of 
them are selectively charged. The charged droplets are deflected to the substrate 
as printing or are recycled by a collection gutter (as shown in Figure 2.20). 
Continuous inkjet mode can produce high velocity droplets, up to 50 m/s. 
However, it is difficult to manage and required recharge collected droplets. In 
DoD mode, droplets are deposited discretely and controlled by actuators, which 
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are generally termed as micro-valve. The working principle of micro-valves can 
be described as the pressurised fluid ejects from the dispensing unit. When the 
valve opens, the volume of fluid (depending on the applied pressure) is taken up 
at the pipette tip, and compressed air is then applied to the whole system through 
the micro-valve to dispense the fluid. The dispensing volume relies on the applied 
pressure as well as the duration of valve opening. Table 2.9 summarises the 
different types of micro-valves available in the market [304]. These valves have 
been extensively used in micro-fluid system, in particularly in life science 
applications where handling of biomolecules is necessary [302, 303, 305-312] 
 
Figure 2.20 Schematic setup of DoD techniques in continuous mode (left) and discrete mode 
(right) [303]. 
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2.4.6.2 Applications of DoD Technique in Biomedical Applications 
DoD technique has the ability to incorporate biomolecules without high 
processing temperature, and capable for multiple material applications. It offers 
unique advantage of precise control of droplet deposition on user-defined 
locations. In particularly, it can significantly reduce material wastage, thereby 
reducing the cost of raw materials, which is very crucial when depositing 
expensive materials such as biomedical materials. In addition, it exhibits diverse 
resolution with droplet size ranging from 15 to 120 μm, which facilitates the 
potential usage in building constructs with both small and large geometry features 
[313]. The deposition rate can be tailored with a droplet deposition frequency 
from 1 Hz up to 1 MHz [313].  
DoD technique incorporated with biological materials has great potential in 
various applications ranging from cell printing, tissue scaffold construct to 
microarrays. Polymer and biphasic calcium phosphate were mixed and then 
deposited into micropatterns with a droplet size of ~50 µm (as shown in Figure 
2.21a), which was explored as a method to prevent biofilm formation and 
facilitate osteogenic cell growth on orthopaedic implant surface [312]. It was 
observed that such micropattern successfully killed bacteria prior to the formation 
of colonies without compromising proliferation of osteoblast. Figure 2.21b shows 
a 3D artificial vascular structure fabricated using DoD technique. Alginate and 
hydrogel were utilised, and the results indicated promising future for tissue 
construction via DoD technique [314]. Figures 2.21c and d demonstrate patterns 
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consisted of live cells deposited by DoD [310, 315]. The higher survival rate of 
cells verifies the capability of DoD technique in dispensing cell suspensions. 
Calcium alginate microcapsules were fabricated using piezoelectric-based DoD 
system (show in Figure 2.21e), which exhibited a high reproducibility and shed 
light in the development of carriers for drug delivery applications [308].  
Besides biomedical applications, DoD technique has been utilised as an 
alternative coating method. Figures 2.21f and g show thin films produced by DoD 
technique for solar energy and micro-electronics applications, respectively [316, 
317]. It was found that coatings were uniform with evenly distributed materials. 
Furthermore, coatings with graded material composition (as shown in Figure 2. 
21h) were reported by Wang and his co-worker [318]. Al2O3 and ZrO2 were 
deposited with varied droplet sizes and distances between adjacent droplets, 
thereby forming a coating continuously transiting from Al2O3-rich zone to ZrO2 -
rich zone. The results are very instructive to the fabrication of proposed nSiHA-
nAgHA layer.  
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Figure 2.21 Examples of devices produced by DoD technique (a) micropatterns of polymer and 
biphasic calcium phosphate [312], (b) 3D artificial vascular structure of alginate and hydrogel 
[314], (c) cells immobilized on patterns printed in DNA [310], (d) live/dead staining of fibroblasts 
printed in pattern [315], (e) calcium alginate microcapsules [308], (f) thin film electrodes for 
organic solar cell [317], (g) ceramic coatings for micro-electronics [316] and (h) graded 
Al2O3/ZrO2 coatings [318]. 
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2.5 Summary 
This chapter provides a general overview of the state of art of HA coatings on 
orthopaedic implants. It started from a brief introduction about physiology of 
bone structure and bone development followed by the biological events taking 
place at the bone-implant interface, which addressed the clinical demands of 
bioactive coatings with multiple functions of promoting bone growth and 
reducing bacterial-related infection rate. As such, HA and substituted HA have 
received significant attention as coating materials. The structure and stability of 
HA, SiHA and AgHA were introduced, and the in vitro and in vivo biological 
performances of HA, SiHA and AgHA coatings were reviewed. The literature 
study revealed that the biological performance highly depended on the coating 
quality such as phase-purity and composition and in turn, coating qualities would 
affect by various coating techniques. Subsequently, four common coating 
techniques (plasma spraying, magnetron sputtering, IBAD and sol-gel deposition) 
were discussed. Nevertheless, each technique has its own certain limitations, 
which made it difficult to fabricate the proposed dual-layer coating structure using 
multiple materials (HA, SiHA and AgHA). On the other hand, DoD micro-
dispensing technique has been widely utilised in biomedical area with unique 
advantage of forming specific patterns using multiple materials. To-date, there is 
no such dual-layer structured multi-material coating fabricated by DoD micro-
dispensing technique, and therefore it is worth to do a systematic investigation on 
the process capability, and biological performance of the proposed dual-layer 
multi-material coatings.  
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CHAPTER 3  
Optimisation of Dispensing Parameters for 
the Deposition of Dual-Layer nSiHA-
nAgHA/nHA Coatings using Taguchi Method 
3.1 Introduction 
The study discussed in this chapter was to investigate the capability of DoD 
micro-dispensing technique for the deposition of the proposed dual-layer nSiHA-
nAgHA/nHA coating. The experimental details introduced in Section 3.2 include 
the material preparation, the experimental setup of DoD micro-dispensing system, 
and the characterisation methodologies of as-synthesised powders, dispensing 
suspensions, and processing parameters. Prior to the deposition of the coatings, 
material properties of as-synthesised powders were examined followed by 
evaluation of the stability of dispensing suspensions. Subsequently, the effects of 
processing parameters on droplet formation were investigated. In this study, 
Taguchi method with L16 orthogonal array was used to study the effects of 
dispensing parameters on the size, shape and thickness of the deposited droplets.  
3.2 Experimental Details 
This section introduced the experimental procedures. The materials used, 
corresponding supplier and product details were given. The methodology of 
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powder synthesis was introduced in the beginning. A description of the DoD 
micro-dispensing technique and the equipment involved were presented. 
Subsequently, the experimental procedures for the characterisation of powders 
and processing parameters were described  
3.2.1 Materials 
The main materials involved were nano-HA (nHA), nano-SiHA (nSiHA) and 
nano-AgHA (nAgHA) powders, of which the suspensions were prepared 
specifically, and the preparation was described in Section 3.2.1.3. The dispersant 
used for suspension preparation was introduced. Substrate materials were also 
introduced as follows. 
3.2.1.1 Substrates 
Glass substrates (Heinz Herenz Pte. Ltd., Germany), with a diameter of 12 mm 
and thickness of 1 mm, were used as the coating substrates since they were cheap 
and readily available, as this work was mainly focusing on the feasibility of 
depositing a dual-layer coating via the DoD technique. 
Prior to the coating process, a series of cleaning steps were carried out. Substrates 
were soaked in ethanol and subjected to ultrasonic cleaning for 30 min, followed 
by soaking in de-ionized (DI) water for another 30 min sonication. All the cleaned 
substrates were dried in air at 25 °C. 
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3.2.1.2 Synthesis of nHA, nSiHA and nAgHA Powders 
nHA was synthesised in-house by a wet precipitation reaction (as demonstrated in 
Figure 3.1) at 25 °C between calcium hydroxide (Ca(OH)2, Sigma-Aldrich, 
Singapore) and orthophosphoric acid (H3PO4, Sigma-Aldrich, Singapore) 
according to Equation 3.1.  
10 Ca(OH)2 (aq) + 6 H3PO  (aq) 
Ca10(PO4)6(OH)2 (aq)+ 18 H2O (l)                Equation 3.1 
Both reagents were AnalaR grade. 0.3 M H3PO4 solution was added drop-wise to 
0.5 M Ca(OH)2 solution under continuous stirring at 25 °C, whilst the pH was 
maintained above 10.5 by the addition of aqueous ammonia (Sigma-Aldrich, 
Singapore). Stirring was maintained for a further 16 h after adding all the 
reactants. The precipitate obtained was aged for 2 weeks before washing with 
deionised water. nSiHA containing 0.8 wt.% Si and nAgHA containing 0.5 wt.% 
Ag were prepared using similar method, except that tetraethyl orthosilicate 
(TEOS, Sigma-Aldrich, Singapore) was introduced into H3PO4 whilst silver 
nitrate (AgNO3, Sigma-Aldrich, Singapore) was added into Ca(OH)2, respectively. 
The above chemical reactions were described in Equations 3.2 and 3.3, 
respectively.  
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10Ca2+ (aq) + (6-x)PO4
3- (aq) + x SiO4
4- (aq) + (2-x)OH-  (aq)                                                                
Ca10(PO4)(6-x)(SiO4)x(OH)(2-x) (aq)                       Equation 3.2 
(10-y)Ca2+ (aq) + 6PO4
3- (aq) + y Ag+ (aq.) + (2-y)OH- (aq)                                       
                                AgyCa(10-y)(PO4)6(OH)(2-y) (aq)                        Equation 3.3 
All of the precipitates were autoclaved at 124 °C for a duration of 2 h, and later 
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Figure 3.1 Schematic diagram of the synthesis of nHA (top), nSiHA (middle) and nAgHA 
(bottom) via the wet precipitation method. 
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3.2.1.3 Preparation of Dispensing Suspensions  
The preparation of nHA, nSiHA and nAgHA suspensions would follow the same 
procedure. Nano particles in liquid form would immediately start agglomeration 
due to the high specific surface area. Therefore, to minimize the storage duration 
of suspension in the reservoir during the DoD process, ethanol was first selected 
as the liquid carrier with the consideration of fast evaporation rate when the 
droplets solidified. 30 wt.% of nHA in ethanol was mixed and stirred at 25 °C for 
4 h. However, the fast evaporation rate of ethanol resulted in severe clogging 
issues at the nozzle orifice. The droplet sizes became smaller and eventually the 
dispensing process was forced to terminate. Hence, to maintain the stability of the 
suspension during experiments, DI water was finally selected as the liquid carrier 
with the addition of a dispersant, named as Darvan C (R.T. Vanderbilt Minerals, 
USA). Figure 3.2 illustrates the preparation of dispensing suspension. nHA 
powder was mixed with DI water at a concentration of 15 wt.%, with the addition 
of 2 wt.% Darvan C. Instead of stirring, a homogenous suspension was acquired 
after 6 h of jar-milling with the addition of alumina balls (powders: balls = 1:2) at 
a rate of 170 rpm. 
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Figure 3.2 Schematic diagram of the preparation of dispensing suspension. 
3.2.2 Multi-Printhead DoD Micro-Dispensing System 
This DoD micro-dispensing system was capable for multiple materials’ usages (as 
shown in Figure 3.3), consisting of a pneumatic system to provide stable and 
accurate positive pressure, solenoid micro-valve units to control the liquid 
ejection, a high precision XYZ stage controller to generate TTL signal for 
triggering the driver and control the motion stage movement, a real-time vision 
system for droplet observation and a heating device for coating solidification. 
3.2.2.1 Micro-Valve Dispensing Printhead 
The dispensing printhead was developed and fabricated in-house. It was made of 
brass and aluminium, and the combined weight of one printhead was 
approximately 0.5 to 0.8 kg. The overview of the printhead is shown in Figure 3.4, 
consisting of five components namely reservoir, filter screen, Teflon tubing, 
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micro-valve, and nozzle. When the micro-valve was activated by control signals, 
the positive pressure would serve as an impulse and then push the fluid 
throughout the chamber. The pressure and opening duration of the valve were the 
two crucial parameters in the droplet formation.  
3.2.2.1.1 Micro-Valve 
Valves were purchased from Lee Company with Part No. IKTX0322000A. It was 
the key component in the DoD system, which determined the volume of ejected 
droplets. As demonstrated in Figure 3.4, the internal piston would activate by an 
induced magnetic field, and the activating process could be triggered by an 
external TTL signal of between 60 Hz and 1 kHz. This TTL signal was generated 
by the stage controller and consisted of two segments namely the spike voltage 
and hold voltage. The 24 V spike voltage could activate the valve, and 3 V was to 
hold the opening status. The total duration including spike and hold status was 
defined as the valve on-time. 
3.2.2.1.2 Reservoir 
The aluminium reservoir was fabricated in-house for suspension storage. To 
reduce the entrapment of air bubbles in the suspension, the total capacity was 
designed to 15 ml, which would be far more sufficient for the experiment usage. 
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3.2.2.1.3 Filter Screen 
The filter screen was purchased from Lee Company (Series No. INMX0350000A). 
It could block the impurity and protect the valve from clogging.  Filters with pore 
size of 35 μm were utilised in the experiments.  
3.2.2.1.4 Teflon Tubing 
It was also purchased from Lee Company (Teflon® tubing with outer diameter of 
1.57 mm and 0.138-40 UNF fitting end) with a length of 5 cm. It could tolerate 
light acid and alkaline solution, and served as a connector between the reservoir 
and valve, which would reduce the fluctuation of atmosphere when fluid passed 
through the cavity. 
3.2.2.1.5 Nozzle 
The nozzle was the final component of the printhead unit, and nozzle with a 
diameter of 190 µm was utilised in the experiments. 
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Figure 3.3 Overview of multi-printhead DoD micro-dispensing system: schematic diagram (top), 
experimental setup for dual printheads (bottom). 
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Figure 3.4 Components of micro-valve dispensing unit: inner structure of micro-valve (left), 
driving voltage waveform (middle) and installation of micro-valve printhead (right). 
3.2.2.2 XYZ-Stage Controller and Driver for Micro-Valve Unit 
3.2.2.2.1 System Network 
Figure 3.5 demonstrates the communication route among the system components. 
Printheads were attached on the Z-axis stage and substrates were mounted on the 
X-axis. When the stage reached the appointed position, the stage controller would 
assign the task to one printhead, and generate TTL trigger signals to activate the 
micro-valve of that dispensing unit. Once the valve driver converted trigger 
signals to a driving voltage form (as shown in Figure 3.4), the droplet ejection 
would be completed.  
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Figure 3.5 Illustration of communication networks of DoD micro-dispensing system. 
3.2.2.2.2 XYZ-Stage Controller  
The stage controller would generate the trigger signals for micro-valve and define 
the pathway of the substrate movement. This stage with an accuracy down to 
micrometre was purchased from Aerotech Company. Two linear motors (Series 
No. PRO165LM) for XY-axis were responsible for the substrate movements. 
Another separate step motor (Series No. PRO115) for Z-axis controlled the 
distance between the nozzle and substrate. All the three axes controllers were 
assembled in a controller box. The integrated controller box could generate a high 
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frequency square-waveform signal with 5 V of peak value, which would serve as 
trigger signal for the actual TTL signal.  
3.2.2.2.3 User Interface  
There are two user interfaces in the DoD micro-dispensing system. First, the 
platform named Ensemble Motion Composer IDE was provided by the vendor 
(Aerotech.Inc) which would monitor the movements of controllers and provide 
debugging functions for controllers. Another graphic user-defined interface (GUI) 
was in-house developed and written in C#. It was to provided up to 17 functions 
including matrix printing, layer printing along customized pathway and self-
cleaning of nozzles. 
3.2.2.2.4 Valve Driver  
The driver was a commercial product from Lee Company. It could drive up to 
four valves, offering the possibility of multi-material processing. There were 6 pin 
holes for the external wire connection, and one screw for manually adjusting 
pulse width with an increment of 1 μs. After the driver received the triggering 
signal from the controller box, it would convert the signal into a spike and hold 
voltage, which were powered by 24 V and 3 V DC voltage, respectively. The 
valve was designed to be operated using the spike and hold drive voltage. The 
valve initially required the spike voltage (24 V) for 300 μs to actuate the valve, 
and then the voltage was reduced to the hold voltage (3 V) for the remaining 
period that the valve was opened. The overall duration of spike and hold voltage 
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was defined as the on-time. On-time could be adjusted by the user input from the 
interface, with a shortest duration of 300 μs.  
3.2.2.3 Pneumatic System 
The pneumatic system was designed to guarantee the consistent and precise air 
flow for the multiple printheads (as shown in Figure 3.6). It consisted of an air 
compressor and a multi-channel pressure controller box. To improve the quality 
of air, air flow was first oil-filtered to remove any dust and moisture before 
diverging into the channels. Every channel had its own power switch and flow 
regulator, thus the individual performance would not be interfered. The accuracy 
was 0.01 kPa.  
 
Figure 3.6 Pneumatic system for DoD micro-dispensing system. 
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3.2.2.4 External Heating System 
The external heating system was to accelerate the drying process of droplets. It 
consisted of thermal couples, heater and thermal pad, which was illustrated in 
Figure 3.7.  
 
Figure 3.7 Components of external heating system: thermal pad (left), heater (middle) and thermal 
couple (right). 
3.2.2.5 Visualisation System 
A CCD camera and stroboscopic LED light were installed for real-time 
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Figure 3.8 Components of visualization system: JAI CV-A11 camera (top left), Navitar Xoom 
6000 high magnification zoom lens (top middle), LED array for strobe lighting (top right) and 
real-time observation of droplet formation (bottom). 
3.2.2.6 Key Parameters of DoD Micro-Dispensing Process 
There were five parameters to be investigated in DoD micro-dispensing process. 
Table 3.1 summarises the definition and function of each parameters. 
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Table 3.1 Processing parameters of DoD micro-dispensing system. 
 
3.2.2.6.1 On-Time 
It was the most important parameter in the dispensing process. It determined the 
dispensing volume, and more fluid would be allowed to pass through the valve 
with a longer on-time.  
3.2.2.6.2 Applied Positive Pressure 
The positive pressure provided the initial velocity of droplets and the intensity 
varied with different fluids due to the viscosity. A higher pressure was required 
for more viscous fluid, but it would induce more impact when droplets hit on the 
substrate. If it was set too low, the fluid would accumulate around the nozzle 
orifice, and then form a large drop due to the lack of pushing force. Therefore, it 
was necessary to determine the operational range for the prepared suspension.  
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3.2.2.6.3 Height between Nozzle Orifice to Substrate 
The increment of height would result in severe deformation of the droplet. The 
shape would become more spread out due to the larger impact forces.  
3.2.2.6.4 Number of Droplets in a Specific Position 
This parameter aimed to acquire a relatively larger dispensing area with regards to 
the coating fabrication. However, it would influence the droplet shape and induce 
non-uniformity in layer thickness.  
3.2.2.6.5 Heating Temperature 
It would greatly affect the droplet drying process, and thereby influence the 
droplet profile on the substrate such as the shape, uniformity and layer thickness, 
which have more significance in the coating production. 
3.2.3 Characterisation Techniques 
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3.2.3.1 Characterisation Techniques for As-Synthesised Powders 
3.2.3.1.1 Transmission Electron Microscopy 
The morphology and microstructure of nHA, nSiHA and nAgHA powders were 
examined using a transmission electron microscope (TEM, JEOL JEM-3010) in 
bright field mode at an accelerating voltage of 300 kV. Powders were dispersed in 
ethanol and then deposited on the copper mesh for rapid mounting purpose. Three 
replicates were conducted for each type of powder. The average size and aspect 
ratio of each kind of powder were acquired based on the observation using TEM. 
3.2.3.1.2 X-Ray Diffraction 
The phase composition of nHA, n and nAgHA powders were determined using an 
X-ray diffractometer (XRD, Shimazu 6000) with Cu-Kα radiation operating at 40 
kV and 30 mA. Data was collected over a 2θ range of 20-40 °, with a step size of 
0.05 ° and a count time of 10 s. The obtained diffraction patterns were then 
compared with the JCPDS standard of HA (PDF card number: 09-0432). 
3.2.3.1.3 X-Ray Fluorescence 
To quantify the substitution amount, Si and Ag contents of nSiHA and nAgHA 
were determined by X-ray fluorescence (XRF) spectroscopy using a Shimadzu 
XRF-1800 sequential XRF spectrometer, respectively. The Ca/P ratios were also 
determined using XRF. Five replicates were measured, and the mean value was 
calculated. 
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3.2.3.1.4 Fourier Transform Infrared Spectroscopy 
The functional groups of nHA, nSiHA and nAgHA powders were characterised 
using a fourier transform infrared spectroscope (FTIR, Bio-Rad FTS-3500ARX) 
in the region of 400-4000 cm-1 with a spectral resolution of 4 cm-1, averaging 64 
scans. The target bands were PO4
3-, CO3
2-, OH- and Si-O.  
3.2.3.1.5 Zetasizer 
The surface charge of as-synthesised powders was assessed by zeta potential 
measurements using the Malvern Zetasizer Nano ZS (Malvern Instruments, UK). 
The equipment measured the electrophoretic mobility of the particles, which was 
then converted into the zeta potential using the built-in Malvern Zetasizer 
software. The powders were dispersed in DI water followed by a 5 min ultrasound 
dispersion before loading into the sample holder. Five measurements were taken 
and the average value was recorded. 
3.2.3.2 Characterisation Techniques for Dispensing Suspensions 
3.2.3.2.1 Viscometer 
Cannon-Fenske viscometer, size 75 with calibration constant K equal to 0.008, 
was used to measure the kinematic viscosity of the prepared dispensing 
suspensions. The principle of the viscometer is based on the fact that the average 
velocity of steady flow in a round tube is negatively proportional to the viscosity. 
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The viscometer determines the kinematic viscosity by timing the fluid flow 
through a capillary tube as it passes between two etched lines on the glass wall.  
In this study, the viscometer was placed into a water bath where the temperature 
was maintained at 40 °C. To establish the efflux time, the suspension was allowed 
to fall freely down past an upper mark, and the time taken for the meniscus to 
pass the lower mark was recorded. The kinematic viscosity (ν) was determined by 
multiplying the recorded transit time (t) of the fluid column in seconds with the 
calibration constant. The formulation was demonstrated in Equation 3.4.  
                                                ν = K (t- ϑ)                                     Equation 3.4 
where ϑ is the kinetic energy correction (HC) for t. Three measurements were 
taken and the averaged value was recorded.  
3.2.3.2.2 Sedimentation Test 
Sedimentation tests were carried out on 15 wt.% suspensions of nHA, nSiHA and 
nAgHA, with the addition of 2 wt.% Darvan C. An aliquot of 5 ml of suspensions 
was poured into a 10 ml graduated cylinder. Monitoring of suspension stability 
was carried out under visible light with intensity of 100 %. The height of the 
interface between the clear and turbid portions (sedimentation height) was 
measured at 0, 1, 2, 4, 6, 12, 24, 48, 72 and 96 h. 
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3.2.3.2.3 Thermogravimetric Analysis 
To figure out the decomposition temperature of the organic phase in the 
suspension, TGA was conducted on Darvan C. Standard TGA analysis was 
performed in air at a heating rate of 5 °C/min from 25 to 800 °C. 
3.2.3.3 Characterisation Techniques for Dispensing Parameters 
3.2.3.3.1 Optical Microscope 
Optical microscope was utilised to capture the morphological features of the 
deposited droplets and lines and perform measurements of desired features. The 
shape of the droplets under different sets of parameters was first recorded 
followed by the size measuring. For each set of parameters, five replicates were 
taken. To extract the shape information, image processing of the raw data 
captured by the microscope was performed using ImageJ 1.37v, which was an 
open-source software specialised in feature extraction. Raw colour images were 
first transformed into binary images using the thresholding command, followed 
by the morphological opening and closing operation to remove any background 
noise as well as small holes in the droplets. Subsequently, the droplets were 
identified, and the outlines of the droplets were extracted. The droplet size and 
circularity were calculated based on the extracted droplet and outlines using the 
‘Analysis Particles’ command, respectively. 
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3.2.3.3.2 Taguchi Method 
Taguchi method is a powerful statistical tool of design of experiments (DOE), 
which is specialised in modelling and analysing the influences of various factors 
involved in a process on the output [319].  The outputs are termed as response 
variables and the inputs are termed as factors. The detailed methodology was 
demonstrated in the flowchart as shown in Figure 3.9.  
In this study, Taguchi method was used to quantify the effects of dispensing 
parameters in terms of selected responses, and thereby to determine the optimal 
combination of parameters for the best response. The dispensing parameters were 
namely on-time (A), applied positive pressure (B), nozzle to substrate distance 
(C), heating temperature (D) and number of droplets (E). The responses studied 
were droplet size, droplet shape (circularity) and thickness. Each factor was 
designed with four levels (four values) and the determination of each level would 
be discussed in Section 3.3.2.2. According to the number of factors and levels, an 
L16 orthogonal array, comprising of 16 experimental runs was employed in the 
study. Table 3.2 shows the experimental layout and factors distribution of the L16 
orthogonal array. The Design Expert 8.0 (Stat-Ease Inc., Minneapolis, MN, USA) 
software was utilised to perform further analysis based on the experimental data. 
Specifically, signal-to-noise ratio (S/N ratio) was an indicator of data quality such 
that a greater S/N ratio corresponded to a better-quality characteristic, which was 
a measurement of quality characteristic and deviation from the desired value. The 
term ‘signal’ represents the desirable value (mean), and ‘noise’ represents the 
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undesirable value (standard deviation from mean) for the output characteristic 
[320]. It also indicated the significance of dispensing parameters on each response 
(droplet size, circularity and thickness). Therefore, the optimal level of the 
parameters was the level with the highest S/N ratio. The responses under the 
optimal combination of parameters were predicted through modelling in the 
software, and the validity of modelling was evaluated by the analysis of variance 
(ANOVA).  
 
Figure 3.9 Flowchart of Taguchi methodology. 
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Table 3.2 Design layout of orthogonal array L16. 
 
3.3 Results and Discussion 
3.3.1 Characterisation of As-Aynthesised nHA, nSiHA and 
nAgHA Powders 
Serving as the raw materials for the coating process, the physicochemical 
properties of the as-synthesised nHA, nSiHA and nAgHA powders would greatly 
influence the fabrication of dual-layer coatings. In this section, the investigation 
on powder morphology, phase composition, elemental analysis, functional groups 
and surface charge would be presented. 
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3.3.1.1 Morphology Observation 
HA has superior biocompatibility and bioactivity with respect to bone tissues, due 
to its similarity with the mineral components of natural bone. In bone tissues, 
calcium phosphate exists in the form of nano-sized needle-like crystals with 
approximately 20 nm in width and 60 nm in length [53]. Therefore, it would be 
better that the synthesised HA powders possessed similar morphological features 
with that of the natural bone minerals. With regards to the substituted SiHA and 
AgHA, ion substitution took place on the basis of HA formation. In addition, the 
crystal structure would be affected by the ion substitution. In this study, all of the 
nHA, nSiHA and nAgHA powders were synthesised via a wet precipitation 
method as described in Section 3.2.1.2. Figure 3.10 exhibits the morphological 
features of the powders. All apatite particles were found to be in nano-sized range, 
having a rod-like shape. These particles were almost identical in width (~ 20 nm). 
nSiHA and nAgHA particles were shorter (~ 50 nm in length) as compared to 
nHA (~ 60 nm). It was worth noting that the sizes of as-synthesised powders were 
quite similar to that of the natural apatite crystals. nHA particles exhibited a 
higher aspect ratio of 3.7, compared to that of nSiHA (3.1) and nAgHA (3.0) (as 
shown in Table 3.3). The differences in dimension might be attributed to the ionic 
substitution, and this difference could bring in some beneficial effects. Smaller 
particle size of nSiHA and nAgHA would facilitate rapid dissolution, causing an 
increase in the local concentrations of Ca2+ and PO4
3- ions, thereby increasing the 
degree of saturation in the surrounding physiological environment. This effect 
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will then cause early precipitation of a carbonate-containing apatite layer which is 
responsible for enhanced cell growth and differentiation [44, 243, 321]. 
The SAED patterns (as shown in Figure 3.10) of all powders exhibited a series of 
rings as well as sharp spots in the central area of the patterns, confirming the 
polycrystalline nature of these as-synthesized powders. This polycrystalline 
features might imply the good thermal stability of these as-synthesised powders, 
which will be further discussed in Section 3.3.1.2. 
Table 3.3 Dimensions of the as-synthesised nHA, nSiHA and nAgHA powders. 
 
+ 50 particles were used to obtain the mean value ± standard deviation 
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Figure 3.10 TEM images and SAED patterns of (a, b) nHA, (c, d) nSiHA, and (e, f) nAgHA 
powders. 
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3.3.1.2 Phase Composition 
At physiological pH, HA is very stable and phase-pure HA resorbs slowly even 
years after implantation [322, 323]. However, the stability of HA depends 
considerably upon the processing temperature. Compared to HA, these secondary 
phases possess much higher dissolution rate, which may be detrimental to the 
lifespan of HA-coated implants. In addition, the crystal structure of substituted 
SiHA and AgHA may be affected by the ionic substitution during synthesis 
process and then the thermal stability will be retarded. Therefore, the phase 
composition of as-synthesised powders is very crucial and plays an important role 
in determining the stability of the dual-layer coatings. 
Figure 3.11 demonstrates the phase composition of powders before and after heat 
treated at 1250 °C. It was obvious that the peaks of these powders (Figures 3.11b, 
c and d) were identical to the standard HA (PDF card number 09-0432) in the 
range of 20-40 , without the presence of other secondary phases such as TCP, 
TTCP and CaO.  Similarly, no other secondary phases were observed for powders 
after heat treatment (Figures 3.11e, f and g), which implied good thermal stability 
of all heat-treated powders. It could be observed that the peaks became narrower 
and sharper after heat treatment. This phenomenon was common and it would be 
exacerbated with increasing temperature. 
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Figure 3.11 Phase composition of as-synthesised powder before and after sintering at 1250 °C. 
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3.3.1.3 Elemental Analysis 
Ca/P ratio plays an important role in the determination of phase purity, and HA 
would be the most thermally stable at a stoichiometric Ca/P ratio of 1.67. At a 
lower or higher Ca/P ratio, the thermal stability will decrease at high temperature, 
and result in the formation of secondary phases. In other words, if it is higher than 
1.67, CaO will be present. On the other hand, if it is lower than 1.67, TCP will be 
formed. In this study, Ca/P molar ratio of as-synthesised powders was calculated 
based on the XRF results. The Ca/P molar ratio of nHA was found to be 1.65 ± 
0.01, which was slightly different from the stoichiometric value of 1.67. This 
might be attributed to the washing of powders during the synthesis process, 
resulting in a loss of elements. Although the lower Ca/P might imply a decreased 
thermal stability, the XRD patterns (as shown in Figure 3.11) had provided clear 
evidence that the as-synthesised powders possessed good thermal stability, 
without any secondary phases present at 1250 °C. Besides, the amounts of Si and 
Ag incorporated were found to be ~ 0.7 and ~ 0.5 wt.%, respectively.  
3.3.1.4 Functional Groups 
Figure 3.12 shows the FTIR spectra of as-synthesised and heat-treated nHA, 
nSiHA and nAgHA powders whilst Table 3.4 summarises the identified FTIR 
peaks.  
The characteristic peaks of phosphate groups were found in the spectra of as-
synthesised nSiHA and nAgHA powders, which were identical to that of nHA. 
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The bands at 472 cm-1 were assigned to ν2 absorption mode; the presence of bands 
around 568 and 601 cm-1 corresponded to ν4 bending mode; the 960 cm-1 band 
was assigned to ν1 symmetric stretching mode, and the doublet between 1000 and 
1100 cm-1 was assigned to ν3 asymmetric stretching mode. These bands indicated 
the characteristic molecular structures of the polyhedrons of PO4
3- in the apatite 
lattice structure [324]. OH- bands were also observed around 630 and 3570 cm-1 
for all powders although a broad band attributing to water molecules was seen 
between 3000 and 3600 cm-1. For nSiHA powder, a corresponding Si-O peak was 
identified at 748 cm-1. It was noted that carbonate bands were observed in the 
range of 1400-1500 and 875 cm-1 in all the as-synthesised powders [325]. The 
formation of carbonate was due to the adsorption of carbon dioxide from the 
atmosphere during the wet precipitation synthesis. This phenomenon might be 
related to the highly alkaline condition in the solutions, in which there were 
sufficient OH- ions for the reaction with carbon dioxide [326, 327]. Similarly, the 
presence of phosphate bands of heat-treated samples was identified in the same 
regions as as-synthesised SiHA powders. Si-O band was also observed at 752 cm-
1. Carbonate and H2O molecular bands became narrower due to the heat treatment. 
It was worth noting that the FTIR spectra would also provide some information 
on the crystallinity of samples. Broad bands indicated a poor crystallinity, 
whereas sharp and splitting peaks indicated a high crystallinity [328]. In Figures 
3.12d, e and f, the phosphate bands in ν3 and ν4 modes were sharper for all heat-
treated powders as compared to that of the as-synthesised powders. In addition, 
the phosphate bands in ν1 and ν2 modes were also more obvious. Likewise, the 
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sharper peaks of OH- at 3572 and 630 cm-1 were identified in the stretching and 
bending mode, respectively. The above data provided clear evidence that the heat-
treated powders had a higher crystallinity level, and retained the functionality of 
apatites.  
Table 3.4 FTIR bands of as-synthesised powder and powder heat-treated at 1250 °C. 
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Figure 3.12 Functional groups of as-synthesised powder before and after heat treatment at 
1250 °C. 
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3.3.1.5 Surface Charge 
Zeta potential was used to evaluate whether ionic substitution of Ag and Si 
affected the surface charge. It could be observed from Figure 3.13 that both 
nSiHA and nAgHA presented disparate values of -17.2 ± 0.4 mV and -6.2 ± 0.4 
mV as compared to nHA (-9.7 ± 0.5 mV). The reason might be attributed to the 
effects of ionic substitution of SiO4
4- and Ag+ [3]. According to Equations 3.2 and 
3.3, Ag+ would substitute for the Ca2+ ions and silicate would substitute for the 
phosphate group. For the substitution of Ag+ for Ca2+, there was a charge 
imbalance, which might be the reason of shifting towards positive direction. 
Likewise, the substitution of silicate for phosphate group added negative charge to 
the lattice, resulting in the loss of OH- [238]. Besides, phosphate groups were 
preferentially located at the crystal surfaces, so an increase in negative zeta 
potential should be observed for SiHA [244], which was consistent with the result 
in Figure 3.13. A more negatively charged surface of nSiHA powder might attract 
the adsorption of Ca2+ ions, resulting in an increase in surface charge. This 
phenomenon could play an important role in the formation of an apatite layer.  
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Figure 3.13 Zeta potential and electrophoretic mobility of as-synthesised nHA, nSiHA and 
nAgHA particles dispersed in DI water. 
3.3.2 Characterisation of Dispensing Suspensions 
As mentioned in Section 3.2.1.3, as-synthesised powders were dispersed by DI 
water at a concentration of 15 wt.%, with the addition of 2 wt.% Darvan C. The 
prepared suspensions were assumed to be stable during the whole experimental 
period and the fluid viscosity should be suitable for micro-valves. In this section, 
the viscosity and stability of the prepared suspension will be examined followed 
by a thermal analysis of Darvan C.  
3.3.2.1 Viscosity 
The results were shown in Figure 3.14. It could be observed that the measured 
viscosity were quite close to each other, approximately 4.5 cSt, which might be 
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due to the similar particle size and morphology of the as-synthesised powders. 
The calculated viscosity were far from the maximum limit of micro-valves (~60 
cSt) [313], but agreed with the result from Seo and his co-workers [329]. 
Comparing with water’s viscosity at 40 °C (~1 cSt), the increment might account 
for load of solid particles as well as the addition of Darvan C. All the data implied 
that the prepared suspensions were highly flowable and thus, suitable for the 
usage in micro-valves. 
 
Figure 3.14 Kinematic viscosity of nHA, nSiHA and nAgHA suspensions. 
3.3.2.2 Stability  
The stability of prepared suspensions was evaluated using a sedimentation test. 
Figure 3.15 demonstrates the changes of interfaces throughout the monitoring 
period. All the suspensions were homogenous, presenting a white colour at the 
initial stage. After 1 day, a clear portion of around 1 mm in height was observed 
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for nAgHA, which indicated that sedimentation had started. After 1 day later, the 
same phenomenon was observed for nHA. On the contrary, nSiHA maintained its 
stability throughout the testing period, and only turbid portion was found after 96 
h.  It was worth noting that there were no powders stacking at the bottom after 
144 h for all the suspensions. To quantify the degree of sedimentation, Figure 
3.16 presents the height increment of clear portions for nAgHA and nHA, and the 
turbid portion of nSiHA. The clear portions of both nAgHA and nHA were found 
to be stable at a height of 1 cm whilst the turbid portion of nSiHA increased up to 
5 mm. Visual observations confirmed that suspensions could maintain their 
stability within 1 day, which was sufficient enough for the dispensing process.  
The differences in the sediment height of suspensions could be adequately 
explained by the variation of zeta potentials of as-synthesised powders. Zeta 
potential represented the electrical charges on particle’s surface, which directly 
affected the dispersion stability by electrostatic repulsion. A high zeta potential 
value, a high electrostatic repulsion and therefore, better suspension stability. 
According to the results in Section 3.3.1.5, nSiHA presented the highest negative 
value of -17.2 mV as compared to nHA (-9.7 mV) and nAgHA (-6.2 mV). The 
higher charge of nSiHA protected the particles from aggregation and maintained 
its stability. Hence, there was only turbid portion being observed throughout the 
whole period. Conversely, suspensions of nHA and nAgHA with relatively lower 
potentials presented faster sedimentation process.  In addition, it was important to 
consider the function of the addition of Darvan C. The zeta potentials of as-
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synthesised powders were actually too weak to prevent aggregation and therefore, 
steric repulsion was introduced into the suspension systems with the addition of 
Darvan C. The results of sedimentation tests thus provided clear evidence that 
with the help of Darvan C, suspensions could be kept stable for longer period. 
This consistency played an important role in the dispensing process.  
 
Figure 3.15 Sediment photographs of nHA, nSiHA and nAgHA suspensions after depositing for 0, 
2, 6, 12, 24, 48, 72, 96, 120 and 144 hours (from left to right). 
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Figure 3.16 Sedimentation behaviour of nHA, nSiHA and nAgHA suspensions. 
3.3.2.3 Decomposition of Darvan C 
TGA was conducted to determine the decomposition temperature of Darvan C 
(Figure 3.17). Decomposition of Darvan C was gradual, and continued till 551 °C. 
When the temperature reached up to 600 °C, a total weight loss of 100 % was 
achieved, indicating complete decomposition of Darvan C. The process could be 
divided into three stages. The weight loss of the initial stage up to 200 °C was 
almost 50 wt.%. A possible explanation was that Darvan C was made of 75 % 
water and 25 % ammonium polymethacrylate [330]. Therefore, the reaction 
probably corresponded to the outgassing of water trapped as moisture within the 
molecular structure as well as water in the crystallisation phase. At stage II, it 
presented another weight loss of 50 wt.%, which indicated the degradation of 
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Darvan C, including chain breakup and carbonisation. After heating up to 600 °C, 
the weight loss was then maintained at 100 %. TGA results suggested that a heat 
treatment up to 600 °C could be efficient in removing the residue of Darvan C in 
the coatings. 
 
Figure 3.17 TGA curve of Darvan C. 
3.3.3 Selection and Optimisation of Dispensing Parameters 
Prior to the fabrication of dual-layer nSiHA-nAgHA/nHA coating, it was 
necessary to establish the optimised dispensing parameters that would achieve 
thin and uniform coatings. As demonstrated in Section 3.3.2, the characteristic of 
the three kinds of suspensions were similar and as such, tests were only conducted 
on nHA suspension. In this section, the effects of five dispensing parameters on 
                                           Chapter 3 Optimisation of Dispensing Parameters for the Deposition of
 Dual-layer nSiHA-nAgHA/nHA Coatings using Taguchi Method 
Page 109 / 223 
 
droplet formation will be demonstrated, which guided the determination of levels 
of each factor for the following optimisation using Taguchi orthogonal array. 
3.3.3.1 Effects of Dispensing Parameters on Droplets’ Formation 
As illustrated in Section 3.2.2.6, there were five parameters namely on-time, 
applied positive pressure (pressure), height between nozzle orifice to substrate 
(height), number of droplets in a specific position (number of droplets), and 
heating temperature. The effects of each parameter will be investigated 
independently. 
3.3.3.1.1 Effect of On-Time 
Experiments were conducted on glass substrates at 25 °C, and on-time was varied 
from 180 to 1000 μs. Other parameters were set as: height of 8 mm, pressure of 
1.5 bar, and number of droplet to be 1. Figure 3.18 demonstrates the variation 
effect of on-time on the droplet diameter. The diameter increased almost three 
times (from 0.8 to 2.8 mm) when the on-time varied from 180 to 1000 μs. In 
addition, it was worth noting that splashing tended to appear when on-time was 
higher than 600 µs, and the droplet’s shape became more irregular when it 
reached up to 1000 µs. This phenomenon might be due to the impacts. When on-
time increased, the ejected fluid would change from single droplet to liquid 
threads due to volume increment. The liquid thread would then generate 
consecutive impact forces at the same position and thus, resulting in the spreading 
and/ or splashing of droplets. From the results in Figure 3.18, it could be deduced 
                                           Chapter 3 Optimisation of Dispensing Parameters for the Deposition of
 Dual-layer nSiHA-nAgHA/nHA Coatings using Taguchi Method 
Page 110 / 223 
 
that droplets could maintain circular shape without splashing if the on-time did 
not exceed 600 µs.  
 
Figure 3.18 Effect of on-time versus droplet diameter.  
3.3.3.1.2 Effect of Applied Positive Pressure 
Experiments were conducted with pressure varying from 0.1 to 4 bar, at a height 
of 8 mm at 25 °C and the number of droplet was fixed at 1. As mentioned in 
Section 3.2.2.2, the shortest opening duration of micro-valves was 300 µs. When 
on-time was set below 300 µs, micro-valves were in partial open status. At the 
same time, splashing became more severe when the on-time was longer than 600 
µs. Therefore, two levels of on-time (300 and 600 µs) were selected. As shown in 
Figure 3.19, the droplet’s diameter was proportional to the applied positive 
pressure when on-time was set at 300 and 600 µs. The increment became larger 
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when pressure was higher than 1 bar. This positive effect was reasonable because 
it was the pressure that provided the driving force of liquid ejection. However, the 
diameter did not vary much, both in shape and size between 2 to 4 bar. 
Furthermore, the morphology of droplet was found to be relatively irregular when 
pressure was between 2 to 4 bar due to the presence of voids in the centre position. 
Similarly, a possible explanation might be due to high impact forces. The liquid in 
the centre position was pushed outwards due to the impact force from the 
consecutive liquid. However, the push force was not high enough to overcome the 
surface energy at the boundary position. Hence, powder was stacked forming a 
ring-shape morphology after drying. This ring-shape morphology was undesirable 
for coatings, and thus the pressure was recommended to operate within 2 bar.  
 
Figure 3.19 Effect of applied positive pressure versus droplet diameter.  
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3.3.3.1.3 Effect of Height 
The height was adjusted between 1 to 18 mm at a pressure of 1 bar at 25 °C, and 
experiments were conducted at different on-times to ensure the consistency of the 
trend. Comparing to the recommended height of 2 mm for most DoD applications, 
a higher height (within 20 mm) was studied to obtain larger droplets and 
eventually, accelerate the deposition rate. Figure 3.20 shows that the droplet’s 
diameter increased with increasing height. The position of droplets became 
uncontrollable at higher heights (>10 mm), which would greatly affect the 
depositing accuracy as well as the coating fabrication process. The reason might 
be attributed to the interference of atmospheric airflow. On the other hand, a 
lower height (1 mm) would intensify the droplet’s solidification hanging around 
the nozzle orifice, which was a main contributing factor to the clogging of nozzle. 
Therefore, a range of 2-10 mm was recommended.  
 
Figure 3.20 Effect of height versus droplet diameter. 
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3.3.3.1.4 Effect of Temperature 
External heating was to accelerate the drying process, but this might affect the 
droplet profile. Figure 3.21 shows that the droplet shrank when temperature 
increased from 25 to 60 °C. In addition, the data implied that the heating could 
obviously accelerate the drying of large droplets. When on-time ranged between 
300 and 400 µs, the droplet sizes were quite similar. A possible explanation might 
be that small droplet could absorb sufficient heat from the environment for the 
drying purpose. In addition, high temperature would also accelerate the clogging 
if there was liquid hanging around the nozzle orifice. However, it was difficult to 
determine the best temperature by only basing on the parameter effects to the 
droplet size. Hence, the temperature was recommended in the range of 25-60 °C, 
and the optimal level of temperature would be determined using Taguchi method 
(Section 3.3.2.2).  
 
Figure 3.21 Profile of single droplet under 25 and 60 °C. 
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3.3.3.1.5 Effect of Number of Droplets 
In conventional DoD process, single droplet was utilised with regards to further 
investigation of drop formation and fluid dynamics. However, for coating 
applications, relatively larger printed area was desirable to achieve faster 
production rate. Therefore, the number of droplets was introduced as a parameter 
in this study. It was varied from 1 to 100, with other parameters set as: height of 8 
mm and pressure of 1 bar. It was obvious that the diameter of the droplet was 
enlarged (from ~2 mm to 6 mm) when the number of droplets increased from 1 to 
10 (as shown in Figure 3.22). However, a central hole appeared in almost all of 
the samples except for single droplet. The increased loading of nHA particles 
resulted in crack formation, which was easily observed by the naked eyes. 
Therefore, the number of droplets should be limited within 20, which were 
capable to achieve better droplet formation without the presence of voids in the 
centre. The optimal level of number of droplets would be determined using 
Taguchi method (Section 3.3.2.2).  
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Figure 3.22 Profile of single droplets and 10 droplets.  
3.3.3.2 Optimisation of Dispensing Parameters with Taguchi Orthogonal 
Array 
The optimisation of dispensing parameters followed the procedures illustrated in 
Figure 3.9. Experiments were performed according to the design of L16 array. The 
raw data of responses (size, circularity and thickness) were first collected and then 
input into the software of Design Expert for the calculation of S/N ratio. Based on 
the order of S/N ratio of each level of factors, the significance of each parameter 
to each response would then be ranked and hence, the optimal combination of 
dispensing parameters to each response could be selected. In the end, ANOVA 
analysis was conducted to verify the model variance followed by a confirmation 
test based on the optimal combination of dispensing parameters. 
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3.3.3.2.1 Data Collection of Responses based on L16 Orthogonal Array 
As discussed in Section 3.3.2.1, all the five dispensing parameters would affect 
the droplet profile on the substrate. The effects were proven to be positive in 
enlarging the droplet size, but negative in maintaining the regular shape of the 
droplet. To obtain the optimal combination of dispensing parameters, L16 
orthogonal array (as shown in Table 3.2) was utilised. The values of each level 
were selected based on the presented results in Section 3.3.2.1: on-time in the 
range of 300-600 µs, applied positive pressure in the range of 0.2-1.5 bar,  height 
in the range of 1-10 mm, temperature in the range of 25-60 °C, and the number of 
droplets in the range of 1-20. The detailed values were summarised in Table 3.5. 
Besides setting of dispensing parameters, three responses (droplet size, circularity 
and thickness) were measured independently. Area was determined using an 
optical microscope, the circularity was calculated according to Equation 3.5 with 
the help of ImageJ software, and thickness was obtained from the SEM images.  
                    Circularity = 4 π × [Area] / [Perimeter] 2                           Equation 3.5 
Experiments were conducted according to the assignments of L16 orthogonal array. 
It was observed that droplet size varied from 1.8 (E9) to 8.7 (E8) mm2. Figure 
3.23 illustrates the extracted shape of droplets. It was obvious that the shape 
became more irregular with splashing (E3-4, E7-8, E11-12 and E15-16). The 
parameters of these experiments were at higher levels of either factors C (height), 
D (temperature) or E (number of droplets). Similarly, splashing occurred at the 
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highest level (E13-14) of factor A (on-time). The findings implied that parameters 
at lower levels might be more beneficial in achieving droplets with regular shape. 
On the other hand, the same trend was not observed in the response of droplet 
thickness (as shown in Figure 3.24) and the thickness varied from 3 to 90 µm.  
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Figure 3.23 Extracted shape of droplet conducted according to L16 array. 
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Figure 3.24 Droplet thickness conducted according to L16 array. 
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3.3.3.2.2 Analysis of S/N Ratio 
All the data were collected and input into Design Expert for the calculation of S/N 
ratio. In this study, the S/N ratio analysis was to identify which parameter was 
more statistically significant, and which level of parameter exhibited better data 
quality, and hence select the optimised parameters. The method for calculating the 
S/N ratio was classified into three main categories namely smaller-the-better, 
larger-the-better, and nominal-the-better. In the case of size and circularity, 
larger-the-better was utilised, and for the thickness, small-the-better was utilised. 
The equation for calculating the S/N ratio is described in Equations 3.6 and 3.7. 
Smaller-the-better characteristic: 
                                                                         Equation 3.6 
Larger-the-better characteristic: 
                                                                 Equation 3.7 
where y is the observed data, and n is the number of observations.  
For both types of characteristic, with the above S/N transformation, a higher S/N 
ratio represents better data quality. Figures 3.25, 3.26 and 3.27 show the S/N ratio 
values of responses (size, circularity and thickness) at each level. For example, in 
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the response of droplet size, the S/N ratio of on-time at level 1 (300 µs) was the 
average of S/N ratios of E1, E2, E3 and E4 in which the on-time was set at 300 µs. 
According to the S/N ratio theory, level with the highest S/N ratio implied better 
data quality as compared to other levels. Therefore, in Figure 3.25, levels of A2, 
B4, C4, D1 and E4 exhibiting higher S/N ratios, were recommended to obtain 
bigger droplets. Similarly, levels of A1B2C1D4E1 and A1B1C2D1E1 were selected 
for better circularity and thinner thickness as shown in Figure 3.26 and 3.27, 
respectively. However, it was difficult to determine one set of parameters to 
achieve bigger droplets, better circularity and thinner thickness at the same time. 
As for the coating application, the thickness was the first consideration in the 
selection of optimal combination of parameters. Moreover, a good droplet in 
terms of circularity was the basis of coating fabrication. Hence, the circularity was 
regarded as the second important response. Based on the above considerations, 
A1B1C2D1E1 for thinner coating was first chosen as the preferred parameters, and 
further modifications were made according to Table 3.6. Table 3.6 exhibits the 
ranking of significance of each level in various responses which was derived from 
the Delta ∆ values. Delta ∆ was the variation of S/N ratios of all levels of one 
parameter (∆=S/Nmax -S/Nmin). For example, in the response of circularity, the 
Delta of pressure was equal to S/Nmax (-2.07 at level 2) minus S/Nmin (-5.48 at 
level 4), presenting the highest value as compared to that of on-time (-1.57), 
height (-1.17), temperature (-1.26) and number of droplets (-2.59). Therefore, 
pressure was the most significant parameter in the response of circularity, and the 
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number of droplet was the second most important parameter whereas temperature 
and height were the least important parameters. Likewise, in the response of 
droplet size, pressure and number of droplets were the most significant parameters 
whilst on-time and temperature were the least important parameters.  
As compared to A1B2C1D4E1 (optimal setting for better circularity), A1B1C2D1E1 
(optimal setting for thinner coating) presented different levels of factor B 
(pressure, B2 to B1), C (height, C1 to C2) and D (temperature, D4 to D1). B1 
(preferred setting of A1B1C2D1E1) exhibited a second higher S/N ratio as 
compared to B2 (optimal setting for better circularity), which implied that 
circularity might be retained at level B1. For factors C (height) and D 
(temperature), the variations were not considered due to the relatively lower 
ranking in Table 3.6. In addition, D1 (temperature, 25 °C) was modified to D2 
(temperature, 37 °C) to accelerate the coating process. Hence, A1B1C2D2E1 was 
recommended as the optimal combination of parameters, with on-time at 300 µs, 
applied positive pressure at 0.2 bar, height at 2 mm, temperature at 37 °C, and the 
number of droplets at 1.  
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Figure 3.25 Graph of S/N ratio for droplet size. 
 
Figure 3.26 Graph of S/N ratio for circularity. 
 
Figure 3.27 Graph of S/N ratio for thickness. 
                                           Chapter 3 Optimisation of Dispensing Parameters for the Deposition of
 Dual-layer nSiHA-nAgHA/nHA Coatings using Taguchi Method 
Page 124 / 223 
 
Table 3.6 Calculated S/N ratio. 
. 
 
3.3.3.2.3 ANOVA Test 
ANOVA was performed to identify the validity of modelling based on the results 
obtained from L16 orthogonal array, indicating the correctness of the predicted 
responses. Tables 3.7, 3.8 and 3.9 demonstrate the main effects of the five factors 
on the responses of droplet size, circularity and thickness, respectively. The 
values of ‘p-value prob .> F’ for the model in all the three tables were less than 
0.05, indicating that the models were significant. Besides, the adequate precision 
ratios (12.957 for droplet size, 25.384 for circularity, and 11.006 for thickness) 
were greater than 4, indicating adequate model discrimination. At the same time, 
the R2 values of the three models were high (0.9013 for droplet size, 0.9968 for 
circularity and 0.8381 for thickness), which indicated excellent agreement within 
the predicted and experimental values. In short, all the results of ANOVA implied 
good conformity of the proposed models for the prediction of responses under 
specific parameters. 
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Table 3.7 ANOVA analysis of size. 
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Table 3.9 ANOVA analysis of thickness. 
 
 
Hence, based on the S/N ratio and ANOVA analyses, the proposed models of five 
dispensing processing factors (on-time, pressure, height, temperature and number 
of droplets) against the three responses (droplet size, circularity and thickness) 
were established, and the optimal combination of parameters were obtained at: 
on-time of 300 µs, applied positive pressure of 0.2 bar; height of 2 mm, 
temperature of 37 °C and number of droplets to be 1. The responses under the 
optimal combination of parameters were predicted as 2 mm2 in droplet size, above 
0.8 in circularity, and below 10 µm in thickness. 
3.3.3.2.4 Confirmation Test 
The confirmation test was conducted based on the optimal combination of 
dispensing parameters, and the comparison between the actual and predicted 
responses were listed in Table 3.10. It could be concluded that there was a good 
agreement between the predicted and experimental values for all the responses. 
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As such, stable droplet formation with thinner coating could be achieved with the 
help of Taguchi method, which formed the basis for the following coating 
fabrication. 




This chapter investigated the feasibility of depositing nSiHA-nAgHA/nHA 
coating on glass substrates via DoD micro-dispensing technique. As-synthesised 
nHA, nSiHA and nAgHA powders exhibited rod-like morphology of dimensions 
~20 nm in width and ~60 nm in length. All the powders were phase-pure, and the 
amount of the addition of Si and Ag into the HA crystal was measured to be ~0.7 
and 0.5 %, respectively. It was observed that the nSiHA and nAgHA presented 
disparate zeta potentials of -17.2 ± 0.4 mV and -6.2 ± 0.4 mV as compared to that 
of HA (-9.7 ± 0.5 mV), which implied different surface charge of the three kinds 
of powders. In addition, the suspensions of nHA, nSiHA and nAgHA with similar 
viscosity of 4.5 cSt, were found to be stable for up to 1 day. Owing to the higher 
values of S/N ratios, A1B1C2D2E1 was recommended as the optimal combination 
of parameters to achieve thin coatings, better circularity and larger droplets at the 
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same time. In addition, results of ANOVA analysis implied the good conformity 
of proposed models for the prediction of responses under the optimal parameters. 
A confirmation test was conducted based on the optimal setting, and the results 
were coherent with the predicted responses from the modelling (2.14 mm2 in 
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CHAPTER 4  
Dual-Layer nSiHA-nAgHA/nHA Coatings: 
Fabrication and Characterisation 
4.1 Introduction 
HA coatings have been often applied on the surface of metallic implants to retain 
the biological and mechanical advantages of both types of materials. It has been 
shown to encourage bone growth across a gap of 1 mm at bone-implant interfaces 
[331] and inhibit the nearby fibrous encapsulation [332]. There are various 
techniques for the production of HA coatings, and the properties of coatings vary 
depending on the specifications of each technique used [9-11, 24]. Besides, 
substituted HA have been developed to exhibit additional functions such as SiHA 
and AgHA. Researchers have demonstrated a significant increase in the amount of 
bone apposition and the quality of bone repair in SiHA, when compared to HA 
[243, 333, 334]. In addition, AgHA exhibits an oligodynamic effect against 
bacteria, providing essential protection to implants against infection [335, 336]. 
To achieve both enhanced bioactivity and reduced bacterial infection, a dual-layer 
coating was proposed, consisting of a bottom HA layer and a top hybrid SiHA-
AgHA layer. 
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The study discussed in this chapter was to introduce the fabrication strategy and 
evaluate the physicochemical and mechanical properties of the dual-layer nSiHA-
nAgHA/nHA coatings. 
4.2 Characterisation Techniques 
The experimental details of all the involved characterisation techniques would be 
introduced in this section. 
4.2.1 Field Emission Scanning Microscopy  
The morphology and microstructure of both the surface and cross-sectional area 
of the dual-layer nSiHA-nAgHA/nHA coatings were observed using a field 
emission scanning electron microscope (FESEM, Hitachi S-4300). It was a high 
resolution SEM equipped with a field emission emitter, which could achieve a 
resolution down to 1.5 nm. Coating samples were attached to aluminium sample 
holder using carbon tapes. They were gold coated with a magnetic sputtering 
machine (JFC-1200, JEOL, Japan) for 15 s to achieve better conductivity before 
placing into the FESEM chamber. The accelerating voltage and beam current 
were set at 15 kV and 10 mA, respectively. The working distance was varied 
between 6 and 15 mm. To observe the cross-sectional area of the coatings, 
samples were cut into half followed by epoxy mounting and polishing. The 
average thickness of the coating was acquired based on the observation.  
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4.2.2 X-Ray Diffraction 
Coatings were placed on the XRD sample holder, and attached using double side 
tapes. The details of the operation have been described in Section 3.2.3.1. 
4.2.3 Fourier Transform Infrared Spectroscopy 
Coatings were detached from the substrates and ground into powder before 
performing the FTIR analysis. The details of operation have been described in 
Section 3.2.3.1. 
4.2.4 X-Ray Photoelectron Spectroscopy 
X-ray photoelectron spectroscopy (XPS, Kratos-AXIS Ultra DLD spectrometer) 
was used to determine the surface chemical composition of the coatings and the 
chemical states of each element. Monochromatic AlKα X-ray source (1486.7 eV) 
at 75 W was employed. A survey spectrum between -5 and 1100 eV was recorded. 
The measured binding energies (BEs) were calibrated using the C 1s hydrocarbon 
peak at 285 eV.  
4.2.5 Energy Dispersive X-Ray Spectroscopy 
The element distribution on the surface and along the depth direction of the dual-
layer coatings were obtained using energy dispersive x-ray spectroscopy (EDS), 
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which was attached to the FESEM. The target mapping elements were Ca, P, Si 
and Ag.  
4.2.6 Atomic Force Microscopy 
The topographical characteristic was obtained using atomic force microscopy 
(AFM, Nanoscope, Veeco, D3000 NS49) in a tapping mode at a scan size of 20 
by 20 μm. 
4.2.7 Surface Profilometer 
The surface roughness was measured using a Talysurf-120 Surface Profiler. The 
indenter traversed with a line distance of 5 mm across the sample surface. Five 
replicates were conducted to obtain the average value.  
4.2.8 Water Contact Angle Measurement 
A goniometer was used to calculate the surface wettability of the coating. 1 µl of 
DI water was deposited onto the sample surface. The angle which the water made 
contact with the sample surface was measured. For each sample, eight replicates 
were prepared and the mean value was calculated. A surface with contact angle 
smaller than 90° would be considered to be hydrophilic but if it was larger than 
90°, the surface would be considered as hydrophobic.  
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4.2.9 Micro-Scratch Tester 
A micro-tester (APEX, USA) was used to determine the adhesion strength 
between the coating and substrate. The coating was loaded from 5 to 100 g with 
the load increasing in a linear profile along the axial direction of coatings. The 
indenter traversed with a distance of 5 mm across the substrate. Five replicates 
were conducted, and a mean value was taken. 
4.3 Fabrication of Dual-Layer nSiHA-nAgHA/nHA   
Coatings 
Prior to the fabrication of dual-layer nSiHA-nAgHA/nHA coatings, it was 
necessary to determine how to build the coating on the substrates surface using 
the optimal dispensing parameters. There were two issues to be considered 
namely the percentage of overlapping between droplets, and the coating method. 
4.3.1 Investigation of Overlapping Droplets 
Overlapping is defined as the distance between droplets The amount of 
overlapping percentage is described in Equation 4.1. 
                                                               Equation 4.1 
where φ is the diameter of droplets and pitch is the distance between the centroid 
of adjacent droplets. Figure 4.1 demonstrates the line pattern produced with 
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different overlapping percentage. X-pitch is defined as the distance between the 
adjacent droplets in the same line, and Y-pitch is defined as the distance between 
droplets in two parallel lines. The other dispensing parameters were set according 
to the optimal combination introduced in Section 3.3.2.2.  
As shown in Figure 4.1, droplets were not able to form a continuous line with an 
overlap percentage of 0 % in the X-pitch. Furthermore, droplet tended to pile up 
at the end of the line, forming tail-like shape with an overlap percentage of 50 %. 
However, a straight line was produced when an overlap percentage of 30 % was 
used. Hence, it implied that 30 % overlapping would be a good option for line 
production. Following that, a pattern of two lines was developed to investigate the 
layer formation under different overlapping percentages. It was observed that 
there were voids between lines with an overlapping percentage of 0 % in Y-pitch, 
and the overall line width became narrow with an overlapping percentage of 50 %. 
Lines with an overlapping percentage of 30 % provided desired patterns with 
good consistency. Hence, 30 % overlapping was recommended for both X-pitch 
and Y-pitch, forming a uniform layer. 
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Figure 4.1 Line patterns produced under different overlapping percentages. 
4.3.2 Strategy for the Fabrication of Dual-Layer nSiHA-
nAgHA/nHA Coating  
The structure of dual-layer coating is presented in Figure 4.2 and the mixing ratio 
of SiHA and AgHA was proposed to be 1:1. The coating process was divided into 
two steps: (1) depositing the bottom HA layer, and (2) depositing the top hybrid 
layer of SiHA and AgHA. Figure 3.36 illustrates the coating strategy in detail. 
The substrate was assumed to be sufficiently coated with 45 droplets and these 
droplets were placed according to the overlapping percentage of 30 % in both X 
and Y directions. To form the bottom HA layer, droplets 1-23 would be deposited 
first in sequence followed by depositing of droplets 24-45. This arrangement was 
to prevent the adjacent droplets to merge into each other when the drying was not 
completed, which would then accelerate the production rate. As for the formation 
of the hybrid layer, SiHA would take the positions of droplet 1 to 23, and AgHA 
would take the rest positions of droplets 24 to 45. 
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Figure 4.2 Proposed structure of dual-layer nSiHA-nAgHA/nHA coating [337]. 
 
Figure 4.3 Strategy for the fabrication of dual-layer coating. 
4.4 Results and Discussion 
The dual-layer nSiHA-nAgHA/nHA coatings were finally produced with the 
optimal dispensing parameters. In this section, the physicochemical and 
mechanical properties of the dual-layer coatings would be discussed.  
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4.4.1 Morphology Observation 
The surface morphology of nSiHA-nAgHA/nHA coating was observed using 
FESEM (as shown in Figure 4.4). It could be observed that the surface of the 
bottom HA layer was free of any defects with random distributed pits (as shown 
in Figure 4.4a). Comparatively, nSiHA-nAgHA/nHA coating displayed a 
relatively dense and uniform morphology though minute surface cracks could be 
observed. This phenomenon might be due to the shrinkage of the overlying 
nSiHA-nAgHA droplets on the underlying nHA during the DoD process. At a 
higher magnification, it was observed that the apatite nano-particles retained its 
rod-like morphology (Figure 4.4d) and there were nanometre-sized voids 
presenting on the surface, rendering the coatings to be partly porous. The nature 
of this porous microstructure could be beneficial. Yao et al. developed a HA-
containing porous coating with pore sizes ranging from 1 to 10 µm [338]. Their 
results implied that the nucleation rate of HA on the coating surface was 
improved and hence, the bioactivity of the prepared porous coating was enhanced. 
Therefore, it was reasonable to state that the porous feature of dual-layer coatings 
was desirable and might accelerate the precipitation of apatites on the coatings. 
The biological performances of the dual-layer coatings will be discussed in 
Chapter 5. 
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Figure 4.4 FESEM images of nSiHA-nAgHA/nHA coating (a) surface of HA coating at 120x, (b) 
surface of HA coating at 90,000x, (c) surface of nSiHA-nAgHA/nHA coating at 120x,and (d) 
surface of HA/SiHA-AgHA coating at 90,000x. 
4.4.2 Thickness 
The average thickness of nSiHA-nAgHA/nHA coating was measured to be 34.5 ± 
1.0 µm (Figure 4.5), with a deposition rate of 0.6 µm/s. Figure 4.5a demonstrates 
the cross-sectional view of the bottom nHA layer, with an average thickness of 
7.5 ± 0.2 µm, which agreed with the predicted thickness (<10 µm) in the analysis 
of L16 orthogonal array. The thickness of the hybrid nSiHA-nAgHA layer was ~ 
24 µm. The increment in top layer thickness might be due to the effect of surface 
                 Chapter 4 Dual-Layer nSiHA-nAgHA/nHA Coatings: Fabrication and Characterisation 
Page 139 / 223 
 
wettability of the glass substrate and the bottom nHA layer. nSiHA and nAgHA 
droplets might not spread well due to the rough surface of the nHA layer, thus 
resulting in a thicker layer. These results suggested that DoD technique had the 
capability to deposit thin coatings so as to overcome the problems associated with 
plasma-sprayed thick (> 100 m) coatings. 
 
Figure 4.5 Morphology of HA and nSiHA-nAgHA/nHA coatings  (a) cross-sectional view of 
nHA coating at 400x, (b) cross-sectional view of nHA coating at 2000x, (c) cross-sectional view 
of nSiHA-nAgHA/nHA coating at 400x, and (d) cross-sectional view of nSiHA-nAgHA/nHA 
coating at 2000x. 
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4.4.3 Phase Composition 
XRD pattern (as shown in Figure 4.6) revealed that nSiHA-nAgHA/nHA coating 
was phase-pure before and after heat treatment at 600 °C since no other secondary 
phases were detected. It could be observed that peaks were sharper after heat 
treatment, indicating that the crystallinity had increased. The presence of phases 
such as TCP, TTCP and CaO, would accelerate the dissolution process, and 
eventually result in coating delamination and failures [268]. In most of the 
coatings produced by plasma spraying technique, the presence of secondary 
phases was inevitable, due to the high processing temperature. Comparatively, in 
the DoD micro-dispensing process, coatings were formed by physical deposition 
of droplets on substrates and the temperature of post heat treatment was limited 
below 600 °C, which was not high enough to initiate phase transformation. 
Therefore, the phase purity could be maintained in the DoD micro-dispensing 
process. Wolke et al. [339] demonstrated that crystalline apatite had a 
considerably lower dissolution rate compared to amorphous HA, and this result 
may be beneficial for the long-term implant performances. On the other hand, de 
Brujin et al. [340] indicated that early bone apposition was observed on 
amorphous coatings due to the rapid dissolution rate. It was therefore difficult to 
determine an optimal coating crystallinity level to fulfil the requirements for both 
short- and long-term usage. 
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Figure 4.6 XRD patterns of (a) PDF standard of HA, dual-layer nSiHA-nAgHA/nHA coating (b) 
before heat treatment, and (c) after heat treatment at 600 °C. 
4.4.4 Functional Groups 
Figure 4.7 shows the functional groups of dual-layer nSiHA-nAgHA/nHA coating 
before and after heat treatment at 600 °C. The characteristic peaks of the 
phosphate (PO4
3-) groups were found in the spectrum of dual-layer coating, which 
were identical to those of the as-synthesised powders (which was discussed in 
Section 3.3.1.4). Besides PO4
3- groups, OH- and H2O groups were also observed 
in the spectra before and after heat treatment, with the broad moisture peak being 
reduced significantly after heat treatment. PO4
3- bands in absorption, bending and 
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stretching modes were found at the identical positions in both spectra of 472, 
568/601, 960 and 1000-1100 cm-1, respectively, indicating the existence of PO4
3- 
in the apatite lattice structure. In addition, a Si-O band at 669 cm-1 was detected 
implying the presence of SiHA on the coating. Carbonate bands were identified at 
1400-1500 and 875 cm-1 in both spectra, and the intensity of carbonate band in ν3 
stretching mode became lower after heat treatment indicating the removal of 
adsorbed carbon dioxide. In addition, it was worth noting that there was no related 
functional groups of Darvan C found in the spectrum, indicating that Darvan C 
was completely removed after heat treatment. 
 
Figure 4.7 FTIR spectra of dual-layer nSiHA-nAgHA/nHA coating (a) before heat treatment, and 
(b) after heat treatment at 600 °C. 
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4.4.5 Surface Analysis 
Figure 4.8 presents the XPS wide scan spectrum of dual-layer nSiHA-
nAgHA/nHA coating, which revealed the presence of Ca, P, Si, Ag, O and C 
elements. The presence of C was due to the adsorption of hydrocarbons impurity 
[341]. This peak did not affect the interpretation of the results, but rather being 
used for calibrating the bonding energy (bonding energy of C 1s = 285 eV) to 
correct sample charging. The atomic concentration ratios of Ca, P, Si and Ag were 
calculated as to be 59.7 %, 37.6 %, 2.1 % and 0.6 %, respectively. It could be 
observed that the amount of Si was more than three times of Ag, which did not 
agree with the dispensing amount of nSiHA and nAgHA. As pointed out in 
Section 4.3.2, the number of droplets of nSiHA and nAgHA in the hybrid layer 
was identical and as such, the atomic ratio of Si to Ag should be 7:5 (calculated 
based on the XRF result). A possible explanation might be due to the penetration 
depth limit of XPS to only a few nanometres. Hence, some points were not 
counted due to the overlaying of the particles in the overlapping zones. 
Nevertheless, the XPS results confirmed the existence of nSiHA and nAgHA on 
the surface of dual-layer coating. 
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Figure 4.8 XPS spectra of dual-layer nSiHA-nAgHA/nHA coatings. 
4.4.6 Elemental Analysis 
To further illustrate the hybrid nature of nSiHA-nAgHA/nHA coating, elemental 
mapping of Ca, P, Si and Ag was performed. The presence of targeted elements 
was labelled by coloured dots. As seen in Figure 4.9, the bottom layer was fully 
covered by the elements of Ca, P and Si. The presence of Si was due to the 
penetration of X-ray through the thin coating to the glass substrates. Likewise, it 
was observed that uniform distribution of Ca, P, Si and Ag covered the entire 
coating surface, confirming that the nSiHA and nAgHA were homogeneously 
distributed on the surface (as shown in Figure  4.10). These results provided clear 
evidence of the existence of the designed dual-layer nSiHA-nAgHA/nHA coating. 
Moreover, results from the cross-sectional view (as shown in Figure 4.11) showed 
that nSiHA and nAgHA were well distributed within the coating. It was also 
important to note that there was a gap (~7 µm) from the substrate surface to the 
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coloured elemental distribution (Figures 4.11c and d). On the contrary, Ca and P 
were observed in that area (Figure 4.11b). Therefore, it was reasonable to indicate 
that this gap proved the existence of the bottom nHA layer, without the presence 
of Ag or Si elements. 
 
Figure 4.9 Elemental mapping of surface of the bottom nHA layer (a) original image, (b) Ca map, 
(c) P map, and (d) Si map. 
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Figure 4.10 Elemental mapping of surface of nSiHA-nAgHA/nHA coating (a) original image, (b) 
Ca map, (c) P  map, (d) Si map, (e) Ag map, and (f) overlying of Ag (red dots) and Si (green dots) 
maps on the original image. 
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Figure 4.11 Elemental mapping of cross-sectional view of nSiHA-nAgHA/nHA coating (a) 
original image, (b) Ca and P map, (c) Ag map, and (d) Si map. 
4.4.7 Surface Roughness 
Surface roughness was found to increase from 1.3 to 2.1 µm when the hybrid 
layer was deposited on the substrate. Although the topographical features of dual-
layer coating and bottom nHA coating were similar, but there were more obvious 
pits being observed in the dual-layer coating (as shown in Figure 4.12), thus 
contributing to the high surface roughness.  
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Many researchers have studied the influence of surface roughness on the HA-
coated implants towards cell responses [103]. Results suggested that cell 
attachment and proliferation would be enhanced with increased roughness on the 
coatings [103, 342] but the optimal value for such a coating roughness was still 
unclear.  
 
Figure 4.12 Surface topography of (a) bottom nHA layer and (b) dual-layer nSiHA-nAgHA/nHA 
coating. 
4.4.8 Wettability 
Surface wetting is the initial event taking place when an implant is placed inside 
the body. This process further controlled the adsorption of proteins followed by 
the cell attachments [251]. It has been demonstrated that cells preferred to attach 
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and spread well on hydrophilic surfaces as compared to hydrophobic ones [343, 
344]. Figure 4.13 shows the measurement of water contact angles on various 
coatings. As observed from Figure 4.13, a single coating (nHA, nSiHA and 
nAgHA) presented smaller contact angles ranging from 8 to 15 ° whilst the dual-
layer coating exhibited a largest contact angle of  around 20 °. If the contact angle 
was smaller than 90 °, the examined surface could be defined as the hydrophilic 
surface [345]. Hence, all the coatings exhibited good hydrophilicity, and they 
followed the sequence of nSiHA-nAgHA/nHA < nAgHA < nHA < nSiHA. The 
variation among the values of SiHA and AgHA coatings might be attributed to the 
different chemical compositions, which resulted from ion substitutions of Si and 
Ag into the HA structures. This explanation could be well supported by the results 
of zeta potentials of as-synthesised powders (as discussed in Section 3.3.1.5).  As 
for the dual-layer coating, the increased value (~ 20 °) might account for the 
higher surface roughness (2.1 µm) as compared to a single coating (1.3 µm). 
When the liquid droplet was dispensed on the surface with sharp features such as 
pit on the dual-layer coating (as discussed in Section 4.4.7), the intrinsic energy 
associated with the droplet might not be sufficient to overcome the energy 
associated with the sharp features. In this case, water contact angles would be 
increased and thereby, the wettability would be decreased [346]. Although the 
wettability of the dual-layer coating was suppressed by the high surface roughness, 
the data indeed confirmed that the dual-layer coating is hydrophilic since it has a 
water contact angle less than 90 °.  
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Figure 4.13 Comparison of wettability of nHA, nSiHA and nAgHA coatings, and dual-layer 
nSiHA-nAgHA/nHA coatings. 
4.4.9 Adhesion Strength 
The scratch test was conducted on coatings with the critical load starting from 
0.05 N. The position at which the film began to peel off was observed, and the 
corresponding force at this position was ascertained to be the critical load to 
failure of the coating. This critical load would be used as an indication of the 
adhesion strength of the coating. In this case, the corresponding load at which the 
coating failed was found to be 7 g. Hence, the critical load to failure for the dual-
layer coating was estimated to be 69 mN. This adhesion strength was acceptable 
since there was a functionally-graded HA coating with a thickness of 1 µm, 
presenting an adhesion strength of 58 mN [347]. However, it was worth noting 
that the purpose of conducting the scratch test was to evaluate the integrity of the 
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coating rather than a quantitative comparison. Therefore, the above results 
provided clear evidence of the good integrity of the coating to the substrate. 
4.5 Summary 
This chapter evaluated the physicochemical and mechanical properties of the 
dual-layer nSiHA-nAgHA/nHA coatings. The coatings were phase-pure, retained 
the functional groups of apatite, and displayed rod-like nanoparticles. A uniform 
coating was generated with a thickness of 34.5 ± 1.0 µm, and the coating had a 
critical load before failure of 69 mN. In addition, the coating provided a nano-
topographical surface with the surface roughness of 2.1 µm. The water contact 
angle measurement and XPS analysis confirmed the hydrophilic nature of the 
coating surface and the existence of nSiHA and nAgHA in the coating structure, 
respectively. The elemental distribution analysis revealed that there were two 
layers in the nSiHA-nAgHA/nHA coatings, and Si and Ag were uniformly 
distributed in the outer layer, corresponding to the designed coating structure. All 
the results proved that the DoD micro-dispensing technique did not alter the 
material properties of the as-synthesised powders during the deposition process, 
and the dual-layer nSiHA-nAgHA/nHA coatings exhibited good material 
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CHAPTER 5  
Dual-Layer nSiHA-nAgHA/nHA Coatings:        
In Vitro Cell Culture Study 
5.1 Introduction 
Surgeries related to hard tissue implantations have been proven to be successful 
with low failure rate of 8 % in the maxilla cases, 5 % in the mandible cases, and 
5 % in the total hip arthroplasty cases [348, 349]. The main issue affecting the 
performance of successful implants is the long self-healing process, which usually 
takes approximately six months. In the past decade, HA coatings had been 
developed and widely used clinically due to its good osseointegrative property. 
Recently, in vitro and in vivo studies demonstrated that SiHA coatings exhibited 
up-regulated cell proliferation and mineralisation due to the presence of Si4+ ions, 
which could further reduce the rehabilitation time of the patients. Meanwhile, 
AgHA coatings have aroused great interest due to its bacteria inhibition property, 
which sheds light on the elimination of implant infection. Since it was the first 
attempt to produce dual-layer coatings via the DoD micro-dispensing technique, 
the biological performance of the dual-layer nSiHA-nAgHA/nHA coatings were 
not studied yet. 
In this chapter, the cellular responses of adipose-derived stem cells (ASCs) on the 
dual-layer nSiHA-nAgHA/nHA coatings will be discussed.  
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5.2 Materials and Method 
5.2.1 Deposition of Dual-Layer nSiHA-nAgHA/nHA Coatings 
Dual-layer nSiHA-nAgHA/nHA coatings, single-layer nHA, nSiHA and nAgHA 
coatings were deposited on glass substrates with a dimension of 12 mm in 
diameter, under the optimal dispensing parameters via the DoD micro-dispensing 
technique. The deposition procedures were mentioned in Section 4.3.2. Prior to 
the cell seeding, all coating samples were sterilised by soaking in 70 % ethanol 
for 24 h followed by washing with phosphate buffered saline (PBS) solution and 
subsequently, air dried. nHA, nSiHA and nAgHA coatings were used as controls 
in this study. 
5.2.2 Cell Culture 
StemPro® human adipose-derived stem cell kit (Invitrogen, NY, USA) was 
purchased, which includes cryopreserved normal human ASCs (1 x 106 cells/ml in 
freezing medium), MesenPro RSTM basal medium and growth supplements. Prior 
to use, complete medium was prepared by the addition of growth supplements 
(basal medium: growth supplements = 50:1) and L-glutamine at a concentration 
of 2 mM into the basal medium. ASCs were then cultured in complete medium 
under standard culture conditions at 37 °C in a humidified atmosphere containing 
5 % carbon dioxide and 95 % air. Cells in passage 3 were seeded onto the coating 
surfaces (nHA, nSiHA, nAgHA, and dual-layer nSiHA-nAgHA/nHA) with a 
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seeding density of 3 ×104 cells/ml. Medium changes were carried out every two 
days. The culture period was set at 1, 3, 5 and 7 days.  
At day 7, osteogenic differentiation was induced. The medium was replaced by 
the differentiation medium, which was prepared by the addition of osteogenesis 
supplement (basal medium: growth supplements = 9:1) and gentamicin at a 
concentration of 5 µg/ml into the differentiation basal medium. Cells were further 
cultured for 14 and 21 days. Medium changes were carried out every three days. 
5.2.3 Immunocytochemistry 
Cell cytoskeleton was observed using the Millipore Action Cytoskeleton and 
Focal Adhesion Staining Kit (Catalogue number FAK100, USA). At 1, 3, 5 and 7 
days, culture medium was removed by aspiration, and cells on the coating 
samples were fixed with 4 % paraformaldehyde in 1 x PBS for 20 min at 25 °C 
following by washing twice with 1 x PBS. Cells were then permeabilised with 
0.1 % Triton X-100 (Bio-Rad, Singapore) in 1 x PBS for 5 min and subsequently, 
washed twice using 1 x PBS. To minimise non-specific binding of antibodies, 
samples were blocked with a 1 % (w/v) solution of bovine serum albumin (BSA) 
in 1x PBS for 30 min at 25 °C. Actin filaments were then labelled by TRITC-
conjugated Phalloidin (1: 500 diluted in 1x PBS) for 60 min at 25 °C. Samples 
were then washed three times (10 min each time) with 1 x PBS. Following that, 
nuclei counter-staining was performed by incubating the samples with DAPI 
(1:1000 diluted in 1 x PBS) for 5 min at 25 °C followed by final washing with 1 x 
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PBS (10 min each time) for three times. The visualisation was then carried out 
using a Zeiss AxioObserver Z1 microscope (Car Zeiss Microscopy, USA). 
TRITC-conjugated Phalloidin and DAPI were excited at 545 and 395 nm, 
respectively. Overlay images were created using the Zen software package (Zen 
lite 2011, Carl Zeiss Microscopy, USA). 
5.2.4 Cell Morphology 
At each time point (day 1, 3, 5, 7, 14 and 21) the coated samples were removed 
from the culture medium, and fixed by the addition of 2.5 % glutaraldehyde 
(Grade I, 70 %, Sigma-Aldrich, Singapore) for 4 hr at 4 °C before dehydrating in 
ethanol series (30 %, 50 %, 90 %, 100 %) at 5 min per grade, and eventually 
substituted with hexamethyldisilazane (HMDS, Sigma-Aldrich, Singapore) before 
being dried overnight. The samples were then mounted on aluminium stubs using 
carbon tape before viewing under FESEM, at an accelerating voltage of 10 kV.  
5.2.5 Cell Proliferation 
Cell proliferation throughout the culture period was evaluated by AlamarBlue™ 
assay (Trek Diagnostic System, Singapore). At each time point (day 1, 3, 5, 7 and 
14), cell medium was aspirated and replaced by 2 ml of normal culture medium 
with 10 % (v/v) AlamarBlue™. After incubation for 2 h, 200 µl medium was 
placed into a 96-well plate. The 96-well plate was subsequently analysed using a 
SpectraMax M2 microplate reader (Molecular Devices, CA, USA) at a 
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wavelength of 570 nm with a reference wavelength of 600 nm. Cell number was 
obtained by cross-referencing to a standard calibration curve of ASCs count 
against absorbance done at the beginning of the study to obtain the live cell count 
at each time point. 
5.2.6 Alkaline Phosphatase Activity 
Alkaline phosphatase (ALP) activity of cells cultured on samples for 7, 14 and 21 
days was estimated using an alkaline phosphatase fluorescent assay. Coated-
samples underwent freeze and thaw cycles three times for cell lysis and 0.2 % of 
Nonidet™ P40 substitute (NP40, Sigma-Aldrich, Singapore) were added to each 
sample. 10 μL of tris-(hydroxymethyl)-amino-methane (TRIS)/bovine serum 
albumin (BSA) and 100 μL of 4-methyl-umbelliferyl phosphate (4-MUP, Sigma-
Aldrich, Singapore) working solution were added to each lysated cells and 
incubated at 37 C for 40 min. 100 μL of 0.6 M sodium carbonate was added to 
each well to stop the reaction and fluorescence at 360/450 nm was measured 
using a 96-well plate microplate reader (SpectraMax M2, Molecular Devices, 
USA). ALP results were then normalized to cell number by dividing the ALP 
activity with cell number obtained from AlamarBlueTM assay. 
5.2.7 Type I Collagen Production 
Type I collagen (COL) production of cells cultured on coated-samples for 7, 14 
and 21 days was determined by enzyme immunoassay (MetraTM CICP EIA kit, 
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Quidel, USA). For analysis, culture medium was first diluted with assay buffer at 
a ratio of 1:3. 100 l of sample was then added to each well, and incubated at 25 
C for 2 h. The wells were washed three times with 300 l wash buffer before 
adding 100 l rabbit anti-CICP, and incubated at 25 C for 50 min. The wells 
were washed again three times with the wash buffer. Next, 100 l reconstituted 
enzyme conjugate was added, and incubated at 25 C for 50 min. A final wash 
was performed before 100 l working substrate solution was added, and 
incubated for 30 min. Finally, 50 l of stop solution was added, and fluorescence 
was read at 405 nm. Measured values were further plotted using a 4-parameter 
curve fit (as shown in Equation 5.1).  
                                                                          Equation 5.1 
where A, B, C and D were coefficients obtained from the curve fitting. 
COL results were then normalized to cell number by dividing the COL expression 
with cell number obtained from AlamarBlueTM assays. 
5.2.8 Osteocalcin Expression 
Osteocalcin (OC) expression of cells cultured on coated-samples 7, 14 and 21 
days was measured by an enzyme immunoassay (Metra Osteocalcin ELISA kit, 
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Quidel, USA). 25 l of cell medium and 125 l of anti-osteocalcin antibody were 
added to each well before incubating at 25 C for 2 h. The wells were then 
washed three times with 300 l wash buffer. Following that, 150 l reconstituted 
enzyme conjugate was added, and incubated at 25 C for 1 h. The wells were 
again washed three times before 50 l working substrate solution was added, and 
incubated at 25 C for 35 min. Finally, 50 l of stop solution was added, and 
fluorescence was read at 405 nm. Measured values were further plotted using the 
same 4-parameter curve fit (as shown in Equation 5.1). OC results were then 
normalized to cell number by dividing the OC expression with cell number 
obtained from AlamarBlueTM assays. 
5.2.9 Statistical Analysis 
One way ANOVA with Tukey post hoc test was used to determine any significant 
differences existed between the mean values of the experimental groups using 
Prism® version 5 (GraphPad, California). A difference between groups was 
considered to be significant at the 95 % confidence interval. Three replicates were 
measured, and the mean value was calculated. 
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5.3 Results and Discussion 
5.3.1 Cell Growth 
The cell growth during the culture period was evaluated using AlamarBlueTM 
assay, and the result is shown in Figure 5.1. A significant increase in the growth 
of ASCs within the culture period up to 7 days was observed on all coatings, 
which demonstrated the good biocompatibility of the coating surfaces. In addition, 
ASCs tended to multiply most significantly on nSiHA coatings at day 3, 5 and 7 
as compared to the other three types of coatings. At day 1 and 3, the measured cell 
number of nAgHA coatings and dual-layer coatings was almost equivalent to each 
other, but after culturing for 5 days, higher cell number was observed on the dual-
layer coatings. Generally, at all time points, the metabolic activity of ASCs on 
coatings followed the sequence of nAgHA < nSiHA-nAgHA/nHA < nHA < 
nSiHA.  
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Figure 5.1 Growth of ASCs on coating samples versus culture period. ***p<0.001 and *p<0.05. 
When coatings were placed in the physiological environment, a series of 
biological events took place at the coating surface prior to cell attachment. Firstly, 
water molecule layer would rapidly form on the coating surface, which facilitated 
the absorbance of proteins and other biological molecules. Cell adhesion would 
then be initiated through the interaction with these absorbed proteins [350]. It is 
worth noting that the ability of absorbing proteins onto the surface had great 
influence on the cell attachment, and this effect is dominated by the surface 
wettability and surface charge.  
Studies revealed that there was positive influence of hydrophilicity towards cell 
adhesion [350, 351]. Similar results were obtained by Thian et al. [251] indicating 
that cell viability and proliferation was greatly enhanced on a more wettable 
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surface such as SiHA coatings. As mentioned in Section 4.4.8, the dual-layer 
nSiHA-nAgHA/nHA coatings exhibited the highest water contact angle (~20 °) as 
compared to other single-layer coatings (nHA ~10 °, nSiHA ~8 ° and nAgHA 
~15 °), rendering it relatively more hydrophobic in nature. Hence, cell growth on 
the dual-layer coatings was lower than that on nHA and nSiHA coatings at the 
same time points, as shown in Figure 5.1. In contrast, cell growth on the dual-
layer coatings was higher than that on the nAgHA coatings, in particularly, at day 
5, 7, and 14, which might be due to the difference in surface charge. As shown in 
the Section 3.3.1, nAgHA exhibited the lowest negative charge (-6.2 ± 0.4 mV) as 
compared to that of nSiHA (-17.2 ± 0.4 mV). Hence, the presence of nSiHA in 
the dual-layer coatings, improved the efficiency of absorbing proteins (mainly 
positive charge groups) as compared to the nAgHA coatings. It was reported that 
the presence of concentrated Ag+ ions (>1.6 ppm) would affect the metabolism of 
mammalian cells [352, 353] because it would induce the depletion of intracellular 
adenosine triphosphate (ATP) content in the cells, thereby compromising the cell 
energy and then preceding to cell death [353]. Although the incorporated amount 
of Ag in the HA crystal had been optimised in the previous study [51, 52], cell 
proliferation rate on nAgHA coatings would certainly be lower as compared to the 
nHA coatings. Therefore, the enhanced bioactivity of dual-layer coatings due to 
the presence of nSiHA was compromised by the addition of nAgHA.  
After culturing for 7 days, osteogenesis was induced and therefore, the number of 
cells on all the coatings decreased since the relationship between cell proliferation 
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and differentiation followed the reciprocal pattern in the development of 
osteoblast phenotype [252], indicating that ASCs had advanced into 
differentiation stage at early time points.  
5.3.2 Cell Attachment 
Figure 5.2 exhibits the fluorescent microscopy images of cytoskeletal organisation 
of ASCs on coatings during the first 3 days. It was observed that ASCs attached 
and spreaded well on all the coatings at day 1 (Figures 5.2a-d). In particularly, 
more cells were observed on nHA, nSiHA and dual-layer coatings as compared to 
nAgHA coatings. At day 3, actin bundles became more distinct on nSiHA and 
dual-layer coatings whilst they were more diffused on nHA and nAgHA coatings.  
Here, nSiHA exhibited good hydrophilicity as well as presenting negatively-
charged silicate ions (SiO4
4-) on the surfaces, which would thus enhance protein 
adsorption owing to more interaction with integrins of ASCs, thereby achieving 
better cell attachment. However, with the addition of nSiHA to the dual-layer 
coatings, it did not exhibit better cell attachment as compared to the nHA and 
nSiHA coatings. This phenomenon might be due to the presence of nAgHA in the 
dual-layer coating. As mentioned in Section 4.4.8, nAgHA (~15 °) exhibited a 
higher water contact angle as compared to nHA (~10 °) and nSiHA (~8 °), 
indicating a more hydrophobic surface. Therefore, with the addition of nAgHA in 
the dual-layer coating, the ability of adsorbing proteins might be rendered, 
thereby affecting cell attachment. On the other hand, it was worth noting that 
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distinct actin bundles appeared on dual-layer coatings rather than on the nAgHA 
coating at day 1, implied the improved interaction with integrins due to the 
presence of nSiHA. Thian and his group [248] proposed that nSiHA would 
promote the protein adsorption and subsequently, trigger specific signals for the 
regulation of cellular functions. Therefore, it could be deduced that the overall 
bioactivity of the dual-layer coatings might be dependent on the compromising 
effects of nSiHA and nAgHA. 
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Figure 5.2 Confocal fluorescence microscopy of nuclear DNA (stained blue) and actin 
cytoskeleton (stained red) in ASCs at day 1 as revealed with double labelling using DAPI and 
Triton X-100, respectively on (a) nHA, (b) nSiHA, (c) nAgHA and (d) dual-layer coatings; and at 
day 3 on (e) nHA, (f) nSiHA, (g) nAgHA and (h) dual-layer coatings. 
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5.3.3 Alkaline Phosphatase Activity 
ALP was a non-collagenous protein, regulating the cellular metabolism through 
the hydrolysation of phosphate esters. It had been widely used as an early marker 
for the differentiation of ASCs into osteoblasts, providing evidence of new bone 
formation, onset of mineralisation and ECM matrix remodelling [354].  
Figure 5.3 demonstrates the expression of ALP activity on the coatings. The onset 
of ALP activity for all coatings was observed from day 7, and the expression of 
ALP activity of differentiated ASCs on the coatings generally increased with 
culturing time, indicating that ASCs on the coatings had successfully 
differentiated down the osteogenic lineage. The level of ALP activity on nSiHA 
coatings was statistically the highest among all coatings, indicating faster cell 
differentiation. In addition, there was no significant difference among the dual-
layer coatings, nHA and nAgHA coatings at day 7 and 14, but the level of ALP 
activity on the dual-layer coatings increased significantly higher than that on nHA 
and nAgHA coatings at day 21.  
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Figure 5.3 Alkaline phosphatase activity of differentiated ASCs on coating samples versus culture 
period. ***p<0.001 and *p<0.05. 
It should be highlighted that significant increase in ALP activity on the dual-layer 
nSiHA-nAgHA/nHA coatings at early time points suggested that the dual-layer 
coatings possessed the ability to promote the differentiation of ASCs as well as 
the maturation of osteoblasts. In addition, the level of ALP activity on the dual-
layer coatings were statistically higher than that on nHA coatings at day 21, 
indicating the superiority of dual-layer coatings over nHA coatings. The up-
regulation might be due to the presence of nSiHA on the top layer of dual-layer 
coatings, which had been proven that the incorporation of Si into HA had 
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significant effect in directing cellular response in terms of promoting cell 
differentiation, proliferation, collagen synthesis and biomineralisation [209]. 
More importantly, the incorporated Si would exist in body plasma and on the 
coating surface both in the form of Si(OH)4, which could trigger the gene 
expression associated with osteoblast differentiation [42, 355, 356]. In addition, it 
lowered the surface energy, thus providing more attachment sites for the 
osteoblasts to mineralise [357, 358]. 
5.3.4 Type I Collagen  
Collagen is the most abundant organic phase in natural human bones and in 
particularly, type I collagen is the predominant extracellular protein of newly- 
formed bones [359]. Hence, the production of type I collagen is widely used as an 
early marker of osteoblast differentiation, representing the synthesis of 
extracellular matrix.  
As shown in Figure 5.4, an overall increase in the expression of type I collagen 
with the culturing period was observed on all the coatings. In particularly, nSiHA 
coatings exhibited the highest type I collagen production among the coatings 
throughout the culturing period, and ASCs differentiated on dual-layer coatings 
produced significantly higher type I collagen at all time points as compared to 
nHA and nAgHA coatings.  
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Figure 5.4 Production of type I collagen of differentiated ASCs on coating samples versus culture 
period. ***p<0.001 and *p<0.05. 
The significant increase in type I collagen expression on the dual-layer coatings at 
early time points (day 7 and 14) implied an increase in the synthesis of 
extracellular matrix on the coatings. This up-regulation phenomenon might be 
attributed to the surface wettability as well as the efficacy of nSiHA in driving 
osteoblasts towards maturation and mineralisation [164]. The most wettable 
surface of nSiHA (WCA of ~ 8 °) coatings exhibited the highest amount of type I 
collagen throughout the culture period whilst nAgHA (WCA of ~15 °) and nHA 
(WCA of ~10 ° ) coatings presented relatively lower production of type I collagen 
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as compared to that of nSiHA coatings. As such, the amount of type I collagen on 
the dual-layer coatings should be lesser as compared to the other three types of 
coatings since it exhibited the largest WCA of ~20 ° among all the coatings.  
Nevertheless, higher production of type I collagen was observed on the dual-layer 
coatings as compared to nHA and nAgHA coatings. This deviation might be 
compensated by the presence of nSiHA on the top layer of dual-layer coatings. 
During the synthesis of nSiHA, silicate tetrahedral occupied the position of 
phosphate tetrahedral in the HA crystals, replacing with more negatively-charged 
SiO4
4- instead of the phosphate ions (PO4
3-). This modification of surface charge 
would enhance the electrostatic attraction of proteins. Zuo and his group [360] 
demonstrated that the production of type I collagen on osteoblasts was stimulated 
by the presence of silicate ions. Hence, there was clear evidence that the dual-
layer nSiHA-nAgHA/nHA coatings could indeed promote the differentiation of 
ASCs, with enhanced production of type I collagen as compared to nHA and 
nAgHA coatings.  
Studies demonstrated the correlation of the expression of type I collagen and ALP 
activity, which indicated that the presence of stable collagenous matrix was a pre-
requisite for the increase in ALP activity [42, 361, 362]. It was worth noting that 
the onset of ALP and type I collagen on all coatings was observed from day 7 
onwards even though the osteogenic induction had not started yet. This 
phenomenon agreed with those works done by other researchers. Liu and his 
group [363] suggested that the topographic features of fluorapatite coatings could 
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stimulate the ASCs differentiation and mineralisation without osteogenic 
induction, involving the early expression of ALP and type I collagen. The overall 
differentiation would be further enhanced by the treatment of osteogenic 
induction. Similarly, it had been proved that the disordered nano-topographic 
features could initiate the expression of osteogenic markers of stem cells without 
osteogenic induction [364, 365].  
5.3.5 Osteocalcin 
Figure 5.5 illustrates the secretion of osteocalcin on the coatings throughout the 
culture period. As a late marker, the expression of osteocalcin was only detectable 
on all coatings from day 14 onwards, which was one week later as compared to 
the expression of type I collagen and ALP (early markers). In addition, it was 
observed that the amount of osteocalcin increased more than two-fold at day 21 as 
compared to the amount at day 14. In particularly, the amount of osteocalcin on 
the dual-layer coatings was statistically higher than that on nHA and nAgHA 
coatings, but lower than that of the nSiHA coatings at day 14 and 21.  
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Figure 5.5 Osteocalcin expression of differentiated ASCs on coating samples versus culture 
period. ***p<0.001 and *p<0.05. 
Osteocalcin is a calcium-binding protein and hence, its presence indicates that 
ASCs on all coatings are transforming into the mineralisation stage. The up-
regulated osteocalcin secretion on the dual-layer coatings might be attributed to 
the favourable material surface due to the presence of nSiHA on the top layer, 
which further confirmed the positive affect of surface wettability. Taking into 
account results of ALP activity and production of type I collagen, it could be 
concluded that the overall protein expression were statistically higher on the dual-
layer nSiHA-nAgHA/nHA coatings as compared to nHA and nAgHA coatings 
throughout the culture period, which proved that the dual-layer coatings could 
induce osteogenesis differentiation of ASCs at early time points and subsequently, 
promoted mineralisation.  
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5.3.6 Cell Morphology 
Figures 5.6 and 5.7 demonstrate the characteristic of cell morphology on the 
coating during the culturing period. At day 1, ASCs were found to attach and 
spread well on all coatings, with filopodia extending from the cell edges (Figure 
5.6). Cell spreading on nSiHA coatings (Figure 5.6b) was more pronounced with 
flattened pattern covering almost the entire coating surface as compared to the 
other coatings (Figures 5.6a,c,d).  
 
Figure 5.6 SEM images of cell morphology at day 1 on coatings of (a) nHA, (b) nSiHA, (c) 
nAgHA and (d) dual-layer coatings. 
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At day 14, cell layers were observed to cover the surfaces of all coatings 
completely (Figures 5.7a-d). In addition, calcium phosphate (CaP) nodules as 
examined were visible on the nHA, nSiHA and dual-layer coatings (Figure 5.8), 
but this was not the case for nAgHA coatings. This phenomenon of the presence 
of CaP nodules suggested the onset of bone mineralisation on the coatings. At day 
21, CaP nodules became larger on the nHA, nSiHA and dual-layer coatings whilst 
smaller nodules were seen to start forming on nAgHA coatings. This result could 
be corresponded with the osteocalcin results as discussed in Section 5.3.5. The 
enhanced bone mineralisation in the dual-layer coatings might be attributed to the 
presence of nSiHA, which facilitated more protein adsorption on the coating 
surfaces and subsequently, consequently accelerated the bone mineralisation 
process [44, 45, 139, 248].  
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Figure 5.7 SEM images of cell morphology at day 14 on coatings of (a) nHA, (b) nSiHA, (c) 
nAgHA and (d) dual-layer coatings and at day 21 on coatings of (e) nHA, (f) nSiHA, (g) nAgHA 
and (h) dual-layer coatings. 
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Figure 5.8 EDS analysis of precipitates on coatings. 
Generally, cells preferred to attach on biocompatible materials, and proliferate 
followed by the initiation of differentiation and mineralisation. Here, the 
morphology observation of ASCs on the coatings provided clear evidence of good 
biocompatibility of all coatings, with cells covering mostly all the coating 
surfaces. In particularly, ASCs on nSiHA coatings tended to cover the surface 
completely, indicating the affinity of cell attachment on nSiHA as compared to 
nHA and nAgHA. The enhanced bioactivity of silicon supplement was first 
discovered by Carlisle [40, 41] with an up-regulated bone growth of chicks in 
dietary silicon, and further verified by Neo et al. [358] demonstrating that 
carbonated apatite layer was formed rapidly on SiHA surface. The exact 
mechanism of how Si affected the cell metabolism remains unclear, but it had 
been proven that the presence of SiHA could increase the ionic saturation in the 
medium and absorb more proteins onto the surfaces, thus providing more sites for 
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the cells to adhere, grow and mineralise [130] and at the same time, affecting the 
regulators of DNA synthesis in cells [250]. As shown in Figure 5.6, cells on the 
dual-layer coating were more spread as compared to nAgHA coatings. As such, it 
was reasonable to claim that dual-layer coatings took the advantage of nSiHA so 
as to exhibit better cell attachment.  
When the mineralisation stage was initiated, apatite precipitates would be 
generated and accumulated into large apatite granules before forming a dense 
calcium phosphate layer. Keeting and his group [366] demonstrated that cell 
differentiation and mineralisation was stimulated on SiHA surface, with increased 
synthesis of type I collagen and osteocalcin. Here, apatite precipitates were visible 
on SiHA coatings since day 14, and both the amount and sizes of apatite 
precipitates were the highest/largest on SiHA coatings at day 21 as compared to 
other coatings. Comparatively, minute precipitates were observed on nAgHA 
coatings at day 14, and both the amount and sizes were not distinct at day 21. As 
for the dual-layer coatings, apatite precipitates were visible at day 14 and grew 
into larger size at day 21. The formation of apatite precipitates indicated that cells 
headed into the mineralisation stage. 
5.4 Summary 
As this is the first attempt to deposit nSiHA, nAgHA and nHA into a dual-layer 
coating structure via the DoD micro-dispensing technique, the evaluation of 
biological property of nSiHA-nAgHA/nHA coatings was crucial. In this study, 
                 Chapter 5 Dual-Layer nSiHA-nAgHA/nHA Coatings: In Vitro Cell Culture Study 
Page 177 / 223 
 
ASCs were used to assess the cellular interaction between the dual-layer coatings 
and cells for up to 21 days. AlamarBlueTM assay demonstrated a continuous 
increase in cell numbers on the dual-layer coatings up to 7 days, indicating good 
cell proliferation. As compared to other coatings, the cell proliferation rate 
followed the sequence of nAgHA < nSiHA-nAgHA/nHA < nHA < nSiHA. 
Immunofluorescent staining study revealed a well-developed cytoskeleton 
structure for ASCs, which were attached on the dual-layer coatings at day 1 with 
the presence of normal nuclei and distinct actin bundles implying better cell 
attachment. The morphology of attached ASCs was observed to exhibit well-
flattened shape, with the presence of filopodia. Furthermore, expressions of 
osteogenetic markers such as ALP, type I collagen and osteocalcin were up-
regulated on the dual-layer coatings as compared to nHA and nAgHA coatings, 
indicating accelerated differentiation. Moreover, apatite granules appeared on the 
dual-layer coatings at day 14, implying the initiation of bone mineralisation. The 
stimulating effect of dual-layer coatings in differentiation and mineralisation was 
due to the incorporation of nSiHA in the coating structure.  
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CHAPTER 6  
Dual-Layer nSiHA-nAgHA/nHA Coatings:        
In Vitro Bacterial Study 
6.1 Introduction 
Implant-related infection has complicated the healing process of orthopaedic 
implantation, which contributes to the second reason for revision surgeries in 
cases of total hip replacements [367]. Patients suffer more pain due to the revision 
surgeries, and medical costs increases significantly three times more as compared 
to initial surgeries [47]. In addition, infection rate after surgeries is 40 % higher 
than after primary replacement [368]. As introduced in Section 2.3.3, silver has 
been used as an effective anti-bacterial therapy due to the ability of inhibiting 
bacterial proliferation [257]. Regarding to orthopaedic applications, silver is 
incorporated into the coatings on implant surfaces, in a form of elemental silver 
and/or Ag+ ions, and substitution into material matrix (such as polymer and 
bioglass) [50, 254, 262, 369-372]. For instance, silver particles can be 
incorporated on the surface of HA via plasma spraying technique [263], or 
sputtering [273], and substituted for the calcium sites in HA lattice, to form 
AgHA [51]. However, the first two approaches have uncompromised drawbacks 
since the distribution of silver in the coatings might not be homogenous, thus 
leading to local cytotoxicity [256]. In addition, silver exhibits a rapid dissolution 
rate, thereby losing the anti-bacterial effect after long-term implantation [154]. 
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Hence, it is crucial for silver-containing coatings to exhibit continuous inhibiting 
effect towards bacteria without abrupt silver dissolution as well as local 
cytotoxicity.  
In this chapter, the anti-bacterial effect towards Staphylococcus aureus (S.aureus, 
ATCC 25923) on the dual-layer nSiHA-nAgHA/nHA coatings will be discussed, 
in which nAgHA was synthesised by incorporating silver into HA lattice via a wet 
precipitation method (as discussed in Section 3.3.1).  
6.2 Materials and Method 
6.2.1 Preparation of Dual-Layer nSiHA-nAgHA/nHA Coatings 
Dual-layer nSiHA-nAgHA/nHA coatings, single-layer nHA, nSiHA and nAgHA 
coatings were fabricated and sterilised according to the procedures mentioned in 
Section 5.2.1. nHA, nSiHA and nAgHA coatings were used as controls in this 
study. 
6.2.2 Anti-Bacterial Assessment 
S. aureus bacteria was used in this study. Coated samples were immersed in 2 ml 
of peptone water containing 5 × 104 colonies/ml in a 24-well plate, and then 
incubated at 37 °C at various time points of 3, 5, and 24 h. S. aureus growth was 
examined using a log reduction assay. At the end of each incubation time point, 
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coated samples were removed from the test solution, and gently rinsed three times 
with phosphate buffer saline (PBS, pH=7.4) solution. After washing, the samples 
were put into a new tube containing 5 ml peptone water, and vigorously vortexed 
for 60 s to remove the bacteria adhering on the surface of the sample to the vortex 
solution. The vortex solution was then diluted in steps. For each time point, 25 µl 
of each diluted vortexed solution was added onto a tryptone soya agar in triplicate, 
and incubated at 37 °C for another 24 h to allow enumeration of viable bacterial 
count. Bacteria alone was used as a negative control, and cultured with the same 
initial population of 5 × 104 colonies/ml in a 24-well plate. At the end of each 
time point, 25 µl of bacteria suspension was added onto a tryptone soya agar in 
triplicate followed by 24 h incubation.  
6.2.3 Bacterial Morphology 
At the end of each time point (3, 5 and 24 h), coated samples were removed from 
the culture plate. The adherent bacteria on the coating surfaces were fixed with 
formaldehyde, dehydrated sequentially through a series of ethanol concentration 
(25, 50, 75, 95, 100 %, v/v, in distilled water) at 5 min per grade, and vacuum 
dried before viewing under FESEM. The samples were subsequently mounted on 
FESEM aluminium stubs using carbon tap. The operation details of FESEM had 
been illustrated in Section 4.2.1. 
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6.2.4 Release of Silver 
6.2.4.1 Silver on Coated Sample Surfaces 
At the end of each time point (3, 5 and 24 h), coated samples were removed from 
the medium, and the elemental composition was analysed by X-ray photoelectron 
spectroscopy (XPS, Kratos-AXIS Ultra DLD spectrometer). The operation details 
of XPS had been illustrated in Section 4.2.4.  
6.2.4.2 Silver Released into Medium 
At the end of each time point (3, 5 and 24 h), 500 µl medium was removed from 
each 24-well plate and diluted with peptone water according to the ratio of 1:19. 
The amount of Ag+ ions in diluted medium was measured by inductively coupled 
plasma (ICP, Perkin Elmer Dual-View Optima 5300 DV ICP-OES system).  
6.2.5 Statistical Analysis 
One way ANOVA with Tukey post hoc test was used to determine any significant 
differences existed between the mean values of the experimental groups using 
Prism® version 5 (GraphPad, California). A difference between groups was 
considered to be significant at the 95 % confidence interval. Three replicates were 
measured, and the mean value was calculated. 
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6.3 Results and Discussion 
6.3.1 Bacterial Growth 
The anti-bacterial effect of all coatings against S. aureus was shown in Figure 6.1. 
The representative images of S. aureus grown on agar media at each time point 
were selected at a dilution factor of 10-3. Bacteria seeded on the negative control 
group showed significant proliferation throughout the incubation period, 
indicating that the prepared bacteria could proliferate normally. As for the coating 
groups, small amount of colonies appeared on nHA and nSiHA coatings after 3 h 
whilst no colonies were visible on nAgHA and dual-layer coatings. After 5 h, 
both nHA and nSiHA coatings showed an increase in the amount of colonies 
whilst nAgHA and dual-layer coatings remained absence of colonies, indicating 
their inhibition effect against bacteria growth. After 24 h, large bacteria clusters 
were observed on both nHA and nSiHA coatings whereas no colonies were found 
on either nAgHA or dual-layer coatings. Results revealed that both nAgHA and 
dual-layer coatings exhibited good inhibition effect towards S. aureus within the 
incubation period. This phenomenon implied that the inhibition effect of the dual-
layer coatings towards bacteria was probably due to the presence of silver ions on 
the coating surface. 
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Figure 6.1 Representative photo of viable adherent S.aureus isolated by vortex on coated samples 
throughout the whole incubation period. 
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To quantify the bacteria growth better, Figure 6.2 demonstrates the proliferation 
results of S. aureus on all coatings after 1 day of incubation. A significant 
increase in the growth of bacteria was observed for nHA and nSiHA coatings, 
which multiplied three times and 16 times in number, respectively. As for the 
silver-containing coatings, bacteria growth was completely inhibited for nAgHA 
coatings, and exhibited a 42 times reduction for the dual-layer coatings, which 
further confirmed the inhibiting effect of nAgHA and dual-layer coatings against 
S. aureus. The anti-bacterial effect of dual-layer coatings might be attributed to 
the addition of nAgHA in the coatings. Chen et al. [273] reported a five time 
reduction in the number of S. aureus bacteria on magnetron-sputtered AgHA 
coatings. However, not all bacteria were inhibited after 1 day of incubation, and 
there were still 104 colonies adhered on the coatings. Similarly, HA coatings with 
the addition of Ag were produced by pulsed laser deposition method, and bacteria 
growth was inhibited completely when the Ag amount was higher than 17.9 wt.% 
[373]. These results indicated that the anti-bacterial efficacy might be enhanced as 
the amount of silver increased. Hence, by comparing the nAgHA and dual-layer 
coatings, the difference in inhibition effect might be attributed to the different 
amounts of silver ions present in both coatings. Nevertheless, the dual-layer 
coatings had clearly demonstrated the anti-bacterial property over nHA and 
nSiHA coatings in preventing initial bacterial adhesion, thereby minimising the 
formation of biofilm. 
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Figure 6.2 Comparison of the number of adhered S.aureus on different coating surfaces at the 
initial culturing time (0 h) and after culturing for 24 h.  ***p<0.001 and *p<0.05. 
On the other hand, Kim et al. [49] investigated the antimicrobial effect of AgHA 
prepared by wet precipitation method against E. coli bacteria within an incubation 
period of 14 h. Results demonstrated that an exponential growth of E. coli was 
delayed from 4 to 10 h with the addition of AgHA. Moreover, a similar 
phenomenon was reported by Trujillo et al. [374]. The growth of both S. 
epidermidis and P. aeruginosa on sputtered 0.5 and 1.5 wt.% AgHA coatings 
were completely inhibited up to 5 h, but the higher silver concentration performed 
better in preventing bacteria growth. Therefore, the phenomenon of low 
proliferation rate of bacteria might be a good indicator of the ability of bacterial 
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inhibition. As such, Figure 6.3 shows the growth of S. aureus on all coatings. It 
was observed that the number of bacteria increased sharply on nHA and nSiHA 
coatings from 5 h onwards with an increment of 20 and 130 times, respectively. 
On the contrary, the bacteria amount in nAgHA and dual-layer coatings did not 
change significantly throughout the incubation period. In particularly, a reduction 
from 3 h was monitored in the nAgHA coatings, indicating the onset of inhibiting 
effect whilst for the dual-layer coatings, the growth rate was slowed down at 3 h 
followed by a late reduction starting from 5 h onwards (Figure 6.3b). The low 
bacterial proliferation observed on both nAgHA and dual-layer coatings indicated 
their bacterial inhibition effect against S. aureus. The difference in the onset of 
bacterial reduction on nAgHA (3 h onwards) and dual-layer coatings (5 h onwards) 
might possibly due to the lesser amount of silver ions in the dual-layer coatings as 
compared to nAgHA coatings. The sharp increase of bacteria amount on both 
nHA and nSiHA coatings might be due to the presence of calcium ions on the 
surfaces that promoted the electrostatic interaction with the adhesion molecules of 
the bacteria surface [375-377], thereby enhancing the bacteria adhesion on both 
coatings. A plausible reason on the difference in the amount of bacteria between 
nHA and nSiHA coatings might be attributed to the surface wettability and/or 
presence of silicon ions. Bacteria adhesion is a complex process involving initial 
attraction of protein to the surface followed by the adsorption and attachment 
[378], in which the initial attraction includes van der Waals force, electrostatic 
force and hydrophobic interactions [378]. It had been reported that hydrophobic 
interactions is the primary force in determining bacterial adhesion [379-381]. As 
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for S. aureus, hydrophobic surfaces were found to be more favourable for 
adhesion [382, 383]. However, both nHA (~10 °C) and nSiHA (~8 °C) coatings 
were hydrophilic, and the wettability of nSiHA coatings was even higher than that 
of nHA coatings. Therefore, surface wettability might not be the reason for the 
increased bacteria growth on nSiHA coatings. The sharp increase in bacteria 
amount on nSiHA coatings as compared to nHA coatings might be due to the 
silicon ions on the surface of nSiHA coatings, forming specific bonding with the 
bacteria’s protein so as to enhance its proliferation. 
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Figure 6.3 The growth curve of S.aureus on coated samples (a) throughout the whole incubation 
period (b) from 0 to 5 h. 
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6.3.2 Bacterial Morphology 
Figures 6.4 and 6.5 show the SEM images of S. aureus on all coatings. At the 
beginning of incubation of 3 h, attached bacteria had not developed into massive 
colonies due to insufficient time and therefore only a few small clusters of 
bacteria were observed on all coatings. Except for the colony sizes, there was no 
significant difference among the silver (nAgHA and dual-layer) and non-silver 
containing (nHA and nSiHA) coatings. Nevertheless, massive colonies appeared 
on the non-silver containing coatings, and spreaded across the whole surface at 5 
h. Moreover, some of the colonies stacked together and formed into large sizes, 
indicating early stage of biofilm formation. As for the dual-layer coatings, 
colonies developed into larger size as compared to that of 3 h, but the number of 
colonies was lesser as compared to that of the non-silver containing coatings. On 
the contrary, minute colonies were found on the surface of nAgHA coatings. 
Subsequently, the formation of biofilm was monitored with excessive colonies 
covering almost the entire surfaces of non-silver containing coatings at 24 h. 
Conversely, the development of colonies on the nAgHA and dual-layer coatings 
was inhibited, with significantly less visible colonies.  
The SEM observation corresponded well with the bacteria growth assessed by the 
log reduction assay, which suggested that dual-layer coatings were effective in 
minimising bacterial adhesion on the surface and in turn, preventing bacteria 
growth as well as the formation of biofilm. On the other hand, it was worth noting 
that the presence of nSiHA in the dual-layer coatings might compromise the 
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bacterial inhibiting efficacy as significant bacteria growth was observed on 
nSiHA coatings. As such, nAgHA coatings exhibited superiority over dual-layer 
coatings in terms of anti-bacterial ability.  
 
Figure 6.4 SEM images of S.aureus adhering on (a) nHA (b) nSiHA (c) nAgHA and (d) nSiHA-
nAgHA/nHA coatings at 3 h. 
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Figure 6.5 SEM images of S.aureus adhering on (a) nHA (b) nSiHA (c) nAgHA and (d) nSiHA-
nAgHA/nHA coatings at 5 h, (e) nHA (f) nSiHA (g) nAgHA and (h) nSiHA-nAgHA/nHA 
coatings at 24 h. 
                 Chapter 6 Dual-Layer nSiHA-nAgHA/nHA Coatings: In Vitro Bacterial Study 
Page 192 / 223 
 
6.3.3 Release of Silver 
To evaluate how dual-layer coatings affect bacterial growth, Ag+ ions released 
into the medium was measured as well as the elemental composition on the 
coating surfaces. Since it had been confirmed that bacterial inhibition effects was 
mainly due to the presence of nAgHA, non-silver containing coatings were not 
taken for measurements. 
ICP was utilised to measure the amount of released Ag+ ions in the medium for 
both dual-layer and nAgHA coatings throughout the incubation period (0, 3, 5 and 
24 h). However, no silver content was detected for both coatings at all time points, 
which implied that both coatings might exhibit a very slow dissolution rate as 
compared to studies done by other researchers [154, 263, 384]. A 2 wt.% Ag-HA 
coating was fabricated by plasma-spraying method was found to be highly 
effective against the colonisation of P. aeruginosa [384]. Results implied that it 
was the Ag+ ions in the medium that bonded with the bacteria proteins, thereby 
leading to bacteria lysis, and Ag+ ions were detectable after 3 h of immersion in 
the testing medium. Similar results of fast silver ions release were also reported 
by other groups [154, 263]. The difference between results obtained in this study 
and by other researchers might be attributed to the fabrication method of silver-
containing coatings. nAgHA used in this study was synthesised via a wet 
precipitation method. Through this method, silver was substituted into the HA 
crystal structure rather than distributed on the surface of HA crystals [51, 52]. 
Therefore, silver was more difficult and might take longer time to be released into 
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the medium, which might be a possible reason for the low released silver amount 
in the ICP results. In a study reported by Iqbal et al. [385] on nAgHA synthesised 
via a similar wet precipitation method, a high silver release of up to 0.14 ppm 
after 6 h was observed for 0.3 wt.% nAgHA. The difference in the silver release 
amount might be due to the amount of nAgHA in the samples since Iqbal et al. 
used compacted nAgHA discs whilst coatings with a thickness of ~35 µm were 
used in this study.  
Instead of releasing into the medium, the silver ions on the surface of the coatings 
might contribute to the bacterial inhibition [51, 386]. Studies illustrated that 
released silver ions were not solely responsible for the anti-bacterial property as 
the release rate of silver ions was slow, and the amount of released ions was 
difficult to reach the minimal concentration to kill bacteria [257, 387]. In addition, 
it was proposed that the silver ions on the crystal surface might interact with the 
adhered bacteria on the coating surface and react with the cell envelope proteins, 
thereby affecting cellular functions, thereby damaging the bacteria [51]. The 
elemental composition of the coating surfaces were examined by XPS, and results 
were shown in Figures 6.6 and 6.7 for nAgHA coatings and dual-layer coatings, 
respectively. The presence of carbon in XPS spectra was due to the adsorption of 
impurity hydrocarbons during the testing procedures which would not affect the 
analysis of percentage of silver [51, 341]. Beside calcium and phosphorus, spectra 
of both coatings revealed the presences of silver throughout the whole incubating 
period, which implied that silver was not released to the medium, but remained on 
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the coating surface till the end of incubation period. In addition, the silver peaks 
of dual-layer coatings were not as distinct as that of nAgHA coatings. 
Moreover, after 1 day of incubation, the percentage of silver ions on the surfaces 
was increased from 0.017 to 0.038 % for nAgHA coatings, and from 0.006 to 
0.013 % for dual-layer coatings. The low percentage of silver ions on the surface 
of dual-layer coatings might be due to less amount of nAgHA present in the 
coating structure. In addition, the increase in percentage of silver ions on the 
surface might be due to the diffusion of silver ions from the crystal structure. Lim 
et al. [51] reported the same phenomenon such that silver ions remained on the 
surface instead of leaching out into the medium after soaking in DI water for up to 
7 days. A possible explanation was that silver ions diffused towards the surface of 
crystal structure, which agreed with the results obtained in this study. Thus, by 
correlating with the ICP results, it might be reasonable to state that the anti-
bacterial property of nAgHA and dual-layer coatings was mainly attributed to the 
silver ions on the coating surfaces rather than the ions released into the medium.  
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Figure 6.6 XPS spectra of nAgHA coatings when incubating for 0, 3, 5 and 24 h. 
 
Figure 6.7 XPS spectra of dual-layer coatings when incubating for 0, 3, 5 and 24 h. 
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6.4 Summary 
In this study, a preliminary study about the bacterial inhibition property of dual-
layer nSiHA-nAgHA/nHA coatings was conducted. S.aureus was seeded on dual-
layer coatings with an incubation period of 24 h. The growth of bacteria on the 
coatings was evaluated using a log reduction assay, and a 42 times reduction in 
the number of bacteria was observed on the dual-layer coatings at the end of 
incubation period. In addition, bacterial growth was completely inhibited on 
nAgHA coatings, and less visible bacteria adhered on the dual-layer coatings with 
smaller size of colonies as compared to nHA and nSiHA coatings. Results 
demonstrated the superiority of dual-layer coatings in inhibiting bacterial growth 
as compared to non-silver containing coatings. Moreover, there was no silver ions 
released into the medium according to the ICP analysis, indicating a slow 
dissolution rate of both dual-layer and nAgHA coatings. Furthermore, a slight 
increment in the percentage of silver ions on the surfaces of silver-containing 
coatings was observed, which implied that diffusion occurred during the 
incubation period. In short, results revealed that the anti-bacterial property of 
nAgHA and dual-layer coatings against S. aureus might be due to the diffused 
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CHAPTER 7  
Conclusions 
Substituted HA, such as SiHA and AgHA, have received significant attention as 
coating materials due to their unique properties such as enhanced bone growth 
and anti-bacterial ability, respectively. However, single-layer coatings tend to be 
insufficient to offer multiple functions, which provides the motivation of 
developing multi-functional coatings. On the other hand, traditional coating 
techniques such as plasma spraying, magnetron sputtering and sol-gel share a 
common limitation to fabricate the proposed dual-layer coating structure using 
multiple materials (nHA, nSiHA and nAgHA). This study thus demonstrates, for 
the first time, to deposit dual-layer coatings with multiple materials using the 
DoD micro-dispensing technique.  
nHA, 0.7 wt.% nSiHA and 0.5 wt.% nAgHA were synthesised in-house via a wet 
precipitation method. As-synthesised powders were phase-pure and exhibited 
bone-like morphology with dimensions of ~20 nm in width and ~60 nm in length. 
Prior to the coating fabrication, optimisation of dispensing parameters of the DoD 
technique was conducted using the Taguchi method, and the optimal parameter 
combination, A1B1C2D2E1 (on-time of 300 µs, applied positive pressure of 0.2 bar; 
height of 2 mm, temperature of 37 °C and number of droplets to be 1) was 
obtained.  
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To evaluate whether the DoD technique affects the material characteristics after 
processing, the dual-layer coatings were analysed via various tests. Results proved 
that coatings retained all the characteristics of as-synthesised powders, exhibiting 
high phase-purity and rod-like particle morphology with dimensions of ~20 nm in 
width and ~60 nm in length. A thickness of 34.5 ± 1.0 µm was obtained and dual-
layer coatings offered a critical load before failure of 69 mN. In addition, XPS 
analysis confirmed the existence of SiHA and AgHA on the coating surface. EDS 
analysis revealed that there were two layers in the nSiHA-nAgHA/nHA coatings, 
and Si and Ag were uniformly distributed in the outer layer, corresponding to the 
designed coating structure.  
ASCs were used to assess the cellular interaction between the dual-layer coatings 
and cells for up to 21 days. AlamarBlueTM assay demonstrated a continuous 
increase in cell numbers on the dual-layer coatings for up to 7 days, indicating 
good cell proliferation. A well-developed cytoskeleton structure of ASCs was 
observed on the dual-layer coatings at day 1, with the presence of distinct actin 
bundles. Furthermore, expression of osteogenetic markers such as ALP, type I 
collagen and osteocalcin were up-regulated on the dual-layer coatings as 
compared to the nHA and nAgHA coatings, indicating accelerated differentiation. 
Moreover, calcium phosphate nodules appeared on the dual-layer coatings at day 
14, implying the initiation of bone mineralisation. On the other hand, nSiHA 
coatings exhibited the highest amount of osteogenetic gene expression among all 
coatings, and larger apatite precipitates were observed on the surface at day 14. In 
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short, dual-layer coating exhibited superiority in bioactivity over nHA and 
nAgHA coatings. The reason of such enhanced effect might be due to the 
incorporation of nSiHA in the dual-layer coatings.  
Subsequently, to evaluate the efficacy of anti-bacterial property of dual-layer 
coatings, S.aureus bacteria were seeded on the coatings with an incubation period 
of 24 h. A 42 times reduction in the number of bacteria was observed on the dual-
layer coatings at the end of the incubation period whilst bacteria multiplied more 
than 10 times on the nHA and nSiHA coatings. In addition, less visible bacteria 
adhered on the dual-layer coatings as compared to nHA and nSiHA coatings. 
Comparatively, bacterial growth on nAgHA coatings was totally inhibited after 24 
h incubation. Results demonstrated the superiority of dual-layer coatings in 
inhibiting bacterial growth as compared to non-silver containing coatings (nHA 
and nSiHA coatings), and indicated that the efficacy might be improved by 
increasing the amount of nAgHA in the coatings.  
Overall, this study provides a detailed preliminary investigation on the dual-layer 
nSiHA-nAgHA/nHA coatings in terms of fabrication, material characterisation, in 
vitro cell culture study, and bacterial test. Results are promising which implies the 
potential usages in multi-functional biomedical coatings.  
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CHAPTER 8  
Future Work 
Based on the work conducted and the outcome of this research, there are several 
aspects of future work recommended as follows. 
In this study, a preliminary characterisation of adhesion strength of dual-layer 
coatings was conducted using the scratch test method. Although the strength was 
compatible with a multi-layer coating prepared by plasma spraying technique, a 
systematic investigation on how to improve the bonding strength should be 
considered. A possible approach is to reduce the coating thickness. Substrates will 
undergo a surface treatment such as plasma treatment before droplet deposition, to 
increase the wettability so that droplets could spread into larger size, thereby 
obtaining a thinner layer and enhancing the bonding strength at the implant-
coating interface.  
The dissolution behaviour of dual-layer coatings is unclear yet, which is crucial 
for the evaluation of long-term stability. In Chapter 6, the release of silver/Ag+ 
was not detectable in DI water within 24 h. The reason might be the short testing 
period. In future study, coatings shall be subjected to a prolonged testing period, 
and the target elements should include silicon, calcium and phosphorous to 
acquire a more comprehensive understanding of the dynamic status of ion release 
from the dual-layer coatings. In addition, to simulate the physiological 
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environment in human body, testing medium shall be changed to PBS or 
simulated body fluid (SBF).  
Moreover, in this study, the quantity of deposited droplets of nSiHA and nAgHA 
was equivalent, exhibiting a 1:1 mixture. As for the biological responses, although 
it demonstrated the superiority over nHA and nAgHA coatings with enhanced cell 
proliferation and up-regulated osteogenic gene expressions such as ALP, type I 
collagen and osteocalcin, it did not inhibit completely the growth of S. aureus as 
compared to nAgHA coatings, which indicated that the amount of nAgHA might 
not be sufficient in the dual-layer coatings. Therefore, the composition of nSiHA 
and nAgHA has to be changed. Future work should be done on the fabrication of 
dual-layer coatings with varied percentage of nSiHA and nAgHA, to achieve an 
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